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ABSTRACT
Many theories have been proposed in the past to
account for the formation of coal from plant materials. At
present it is generally accepted that two distinct stages are
recognizable in the coal-forming process: (1) the biochemical
stage, and (2) the dynamochemical stage. In the first of these
two steps plant components are biochemically degraded to humic
substances, and in the second step the humic materials are
metamorphosed into high grade coals.
Considerable controversy has raged on the proposals
on one hand that cellulose is the chief progenitor of coal,
and on the other hand that lignin is the most probable source
naterial for coal formation. A very thorough and critical
survey of the literature has been made and the evidence in
favor of and against these proposals has been weighed. On
the basis of numerous biochemical studies it appears likely
that cellulose is rapidly degraded and removed from organic
sediments leaving behind the lignin which is microbially
transformed but not completely decomposed. Degradation of the
lignin molecule appears to result in a complex mixture of
products which is collectively called humus. On the basis of
a study of the structure of lignin, a proposal has been
made for the chemical changes which take place in the lignin
molecule during its conversion to humic materials.
viii.
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Apparatus has been designed and constructed for the
differential thermal analysis of complex organic substances
under vacuum. Using this equipment, a study of several
plant components and of various members of the coal series
has been carried'out. The decomposition pattern of lignin
appears in the lignite and bituminous members of the coal
series, and suggestions are made for the reasons for its
absence in peats and anthracite coals. The thermogram for
cellulose is distinctive and aoes not appear in bituminous
or anthracite coals. Thermographic analyses of peats and
lignites, however, provide evidence for the presence in
some of these materials of small quantities of residual
cellulose. The thermographic evidence points strongly
towards lignin as the progenitor of coal.
A number of preliminary studies have been carried
out to test the possibility that shear stresses are of
importance in the dynamochemical devolatilization of humic
materials into high grade coals. Lignin, humic acid
isolated from peat, and peat have been sheared while under
pressures of up to 2280 atmospheres. These experiments
have been carried out at temperatures as high as 1500 C.
and for durations as long as 32 days. Under these conditions
humic acid appears to undergo a definite change in structure
that has not yet been explained. Lignin, which contains
11.09% of methoxyl groups, is demethylated only to the
extent of 0.4% under these conditions.
These preliminary results, although not
conclusive, do appear to indicate that a piezochemical
devolatilization of coal-forming materials is possible
under the proper conditions. Geological evidence points
to shear forces as being important in the coalification
process, but further studies will be required before this
fact can be confirmed on a laboratory scale.
CHAPTER I
INTRODUCTION
HISTORICAL
Theories concerning the origin of coal have been
many and varied. As early as 1778, Franz von Beroldingen
(278) proposed the well known peat-lignite-bituminous-anthracite
series which has withstood the test of nearly two centuries
of continuous study. The apparent simplicity of this
coalification scheme was perhaps responsible for attracting
many early workers to the study of naturally-occurring solid
fuels.
Microscopic examinationsof coal were first carried
out by Witham in 1833 (307). Improvements in both instruments
and technique, especially within the last fifty years, have
made it possible to distinguish between and to identify the
plant components which have contributed to the various types
of coals. As a result of these studies, carried out by such
eminent microscopists as David White (300,303), Reinhardt
Thiessen (259, 260), Marie Stopes (245, 246, 248, 249),C. E.
Marshall (127, 128, 129, 179, 180, 209), and others (125, 126,
143, 144, 205, 206, 232-5, 253), it is now agreed by geologists
that most coals originate from woody materials.
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Although microscopic examination has demonstrated the
plant origin of coal, the chemical nature of the material has
not yet been clearly established, Extraction studies were carried
out prior to 1909 (66), but critical work was not reported until
1911 when Pictet and his collaborators undertook the isolation
and identification of low molecular weight components of coal
using procedures familiar in organic chemistry (194-8). Low
temperature extractions of large quantities (5.5 tons) of various
coals led to the separation of toluene, m-xylene, mesitylene and
other identifiable organic compounds. Vacuum distillation of
the original coal to 4500 C. led to a mixture of hydrocarbons
which was found to be somewhat optically active. Upon heating
the distillate to 350 0C., the optically active components were
destroyed and an upper limit was established for the temperature
to which the coal had been exposed during its formation.
The purely chemical studies which had been carried
out by Pictet were amplified in England where Marie C. Stopew,
a petrologist, and R. V. Wheeler, a chemist, together engaged
in a study of coal (247, 250, 251, 263). Wheeler's early work
eventually led to a series of studies in which various coals
were fractionated empirically by means of solvent extraction
procedures (11, 60, 61). These investigations gave rise to the
conclusion (297) that coal is primarily a mixture of three
principal types of materials: (a) extractable resins and hydro-
carbons, (b) resistant plant skins, and (c) the ulmins, produced
by decay and subject to progressive alteration. In coals of
similar rank, as well as in the banded constituents of coal,
differences were thought to exist as a result of varying
proportions of the three major components.
Although coal chemistry had made rapid progress
between 1900 and 1920, the geochemical aspects of coal genesis
had been comparatively neglected.'-In 1907, H. Potonie (203)
summarized his earlier work with the conclusion that coal
formation is a multifold process having the following steps:
(a) Decay of plants under aerobic conditions to
produce gaseous products.
(b) Mouldering to yield a small amount of solid
organic residue.
(c) Conversion to peat. With thickening of the
peat bed the lower strata become devoid of oxygen.
(d) Faulnis, In this step the lower peat strata
undergo anaerobic decomposition.
(e) Incoalation,. Conversion of the product from
(d) into coal without the formation of free carbon.
Although this scheme still serves to describe the
general process of peat formation, no effort was made by
Potoni6 to establish the relative contributions of the various
plant constituents to the peat.
In 1912 Bergius, in the course of experiments on the
origin of coal, heated wood, cellulose, and peat in water under
high pressure to a temperature of 3500 C. and reported that under
these conditions peat led to a product which was "precisely
44. 4
similar to natural bituminous coal" (12). In later papers
Bergius reported that by heating peat in water at 34000 ,f or
24 hours a product was obtained which closely resembled
anthracite and which was composed of 84% carbon, 10.4% oxygen,
4.6% hydrogen, and 0.96% nitrogen (13, 14). This analysis must
be compared with that for an everage anthracite coal containing
96% carbon, 2% hydrogen, and a total of 2% of oxygen, nitrogen,
and sulphur (154). When cellulose wassimilarly heated in water
to 340?0. for 64 hours, a product similar to anthr&cite coal
was again reported (13). The experiments with cellulose
marked an early critical point in geochemical studies of the
origin of coal since Bergius soon became convinced that all
coals originated from the same parent, namely, cellulose.
To explain variations in naturally-occurring coals, it was
postulated that peats are generated at the surface of the
earth whereas carbonization takes place only under the influence
of the "enormous pressure of overlying strata" (15). With the
continuation of these studies, sufficient evidence in the new
and exciting field of coal geochemistry was presented to
cause wide international adherence to the cellulose theory
of coal formation. Among the proponents of this theory were
Donath (67), Schwalbe (226-8), Marcusson (170, 172, 173, 175,
176, 178), Berl (16-30), and many others (31-3, 52, 109, 111,
167, 204, 211, 239, 256, 257, 296). When these studies are
carefully considered, it becomes evident that the geological
limitations of hydrogen ion concentration and temperature were
neglected during most of the experimental work. Although a
number of early investigators in the field of coal chemistry
had suggested approximately 2500C. as a maximum temperature for
the formation of coal, the advocates of the cellulose theory
consistently employed temperatures of 3000 to 35000. Reactions
were admittedly carried out at elevated temperatures in an
effort to speed up geological processes which normally proceed
slowly with less heat, but the important fact was completely
neglected that most complex organic compounds will decompose
rapidly above 3000C. to yield carbonized residues. In recent
years conclusive evidence for the low-temperature origin of
coal (lower than 20000.) has been published by Treibs (265-8)
who isolated acid porphyrins from many coals. Bearing this
major consideration in mind, the conclusions developed from
laboratory experiments with cellulose lose their importance
and the entire theory of the cellulosic origin of coals, as
proposed, appears to rest on an unstable foundation.
In 1921 Fischer and Schrader (79, 80) critically
examined the theories of coal genesis and concluded that
lignin, not cellulose, was the parent material from which coal
had been formed. Their reasons were as follows:
1. Lignin has an aromatic structure with acetyl
and methoxyl groups.
2. Cellulose is largely destroyed by bacterial
activity in the early stages of peat formation.
3. The methoxyl content of peat increases and the
portion soluble in concentrated hydrochloric acid decreases
with increasing age.
4. The methoxyl content eventually decreases owing
to saponification, reduction, or replacement by hydroxyl; but,
in any case, a phenol results which is taken to be identical
with humic acid.
5. Oxidation or polymerization of humic acid forms
alkali-insoluble humin.
6. Further splitting off of water and carbon
dioxide, and perhaps methane, at ordinary temperature leads
to the formation of lignite and coal.
The six points presented by Fischer and Schrader were
intended to show an extension of the basic aromatic structure
of lignin into coal. Fischer and his collaborators have supported
this theory with a large number of studies dealing with the
oxidation, reduction, and decomposition characteristics of a
variety of substances as lignin, cellulose, coals, etc. (73-8,
81-8, 222). The conclusions of Fischer and Schrader with regard
to the extensive and rapid biochemical decomposition of cellulose
in the early stages of coal formation have also been substantiated
by numerous workers during the past thirty years (44, 218, 221,
261, ?79-83, 286-8, 293). Similarities in chemical structure
between lignin and various coals have, moreover, been established
by X-ray studies (120, 186, 229, 230).
In recent years (since 1935), disclosures bearing
directly on the origin of coal have been relatively few.
Waksman, who contributed greatly to knowledge regarding peat
formation and soil organic matter (284), has concentrated his
efforts on the development of antibiotics, while Fischer, prior
to his death in 1949, was concerned chiefly with the Fischer-
Tropsch Process for the synthesis of liquid fuels. For modern
evidence for or against the lignin theory of coal formation
it has been necessary to resort to an extensive literature
survey of publications in the field of microbiology, high
pressure physics, analytical chemistry, and geology. The
entire bibliography for this thesis consists of the abstracts
of approximately 2000 papers dating mainly from 1907 to the
present. Since any effort to summarize all or even most of
these articles in this dissertation would lead to an improperly
balanced product, only the most important references will be
cited. The entire bibliography, which is assembled on McBee
Keysort Punched Cards, will be deposited in the Headquarters
Office of the M.I.T. Department of Geology, and the Appendix
to this work will include a description of the code and pro-
cedures for its use.
STATEMENT OF PROBLEMS
Having reached the conclusion from a critical survey
of the literature that lignin is the most probable progenitor
of the principal components of coal, several questions remained
to be answered when the studies described in the following
chapters were undertaken.
At the very first stage of coal formation, plant
components apparently undergo severe biochemical decomposition
resulting in the concentration of an organic sediment which
has been extensively studied under the name "humus" (284).
This substance has been fractionated on the basis of solvent
extraction and chemical properties (102, 106, 159, 171, 174,
212, 241, 242, 258, 264, 274, 275), and other studies have
led to the isolation of degradation products which are similar
to those obtained from lignin (100, 103). Although the
chemical evidence for the structural similarities between
lignin and humus (also humic acids, ulmic, acids, ulmin,
hymatomelanic acid, etc.) (9, 99) has been good, the colloidal
characteristics of the humus (89, 148, 187, 310) have made a
complementary physical correlation impossible. For this and
other reasons, there exists nowhere in the literature today
a satisfactory explanation of the changes which occur in the
basic lignin structure during its conversion to humus.
To interpret the chemical changes which take place
in lignin between the death of the contributing plant and the
peat stage, it is necessary to know the structure of lignin.
Continuous and concerted studies by lignin chemists for 75
years have failed to produce a non-controversial structural
formula for the material. A review of the most reliable
information in this field was, therefore, considered to be of
I I,=-- -- Z_
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fundamental importance in order to establish points of general
agreement with respect to the structure of lignin. With this
background, a theoretical interpretation of the lignin-humus
conversion was thought possible.
Regardless of its origin, there is a general agreement
among chemists and geologists that the principal constituents
of most coals are derived from humus or humic acids. This
opinion is based on the well-known fact that peats and lignites
contain large percentages of acidic organic complexes which
are easily soluble in dilute aqueous alkaline solutions. With
bituminous coals this type of extraction yields no significant
quantity of extract, and the humic acids are considered to be
in a "coalified stage" (156). A number of investigators have
reported the regeneration of humic acids from bituminous coals
by careful oxidation in air or with mineral acids (65, 105,
149, 238, 309) thus providing further evidence for the
humic acid-bituminous coal relationship.
Many theories have been developed to account for the
manner in which humic substances have been converted into hard
coals. Among the various causal factors which have been cited
to account for the formation of different kinds of coals are
the following (181, 254):
1. Different types of vegetation and differences in
climates.
2. Duration of exposure of vegetation before burial
by sediments.
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3. Duration since burial of sediments.
4. Depth of burial of vegetation.
5. Action of heat from compression or from
intrusions of igneous rocks.
6. Possibility of escape of volatile constituents
after burial beneath sediments because of fractures or pores
in the overlying rocks and jointage in the coal seams.
7. Pressure resulting from compression of the seam
during dynamic changes in the enclosing rocks.
Although different types of vegetation and different
modes of accumulation have undoubtedly led to variations among
coals, these factors can hardly be considered as having
contributed to the energy necessary to devolatilize humus
material during coalification. This same argument is applicable
to most of the above suggestions, and in the final analysis heat
and pressure must be considered as two of the most reasonable
sources of energy for the coal-forming process. Bacteria
cannot be considered effective agents for coalification in
the post-peat stage since lignin, upon which bacteria do not
thrive, has been shown to accumulate in the peat bog (255).
Moreover, radioactivity, which has recently been found to
convert naturally-occurring organic acids into hydrocarbons,
(45, 46, 236, 237) is almost completely absent in coals (53,
54, 72, 182).
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Petrascheck (191) has recently shown conclusively
that igneous activity affects coal seams only locally and
that depth of burial and accompanying temperature effects are
hardly important in the coalification process (147, 272).
This work, coupled with that of Treibs (265-8) has effectively
eliminated temperature and hydrostatic pressure as sources of
energy for the formation of hard coals.
It has long been recognized that bituminous and
anthracite coals are common in areas where geological folding
has taken place. David White realized this relationship early
in this century (298, 299, 301, 302, 304) and his opinions
have been substantiated by the observations of other investi-
gators (155, 252). To investigate the possibility that shear
forces might be effective in the coal-forming process, a
literature survey was proposed to review the effects of high
pressure and shear on organic compounds, and an experimental
program was initiated to study the effects of high pressure
and shear on lignin and related materials.
To summarize, the major sections of this study are
as follows:
1. A survey of the literature on lignin, its
structure and its relationship to the origin of coal.
2. An interpretation of the chemical and structural
relationships between lignin and humic material.
3. An investigation of the basic structures of
lignin and coals.
4. A survey of the literature on the effects of
high pressures on organic compounds.
5. Studies of the effect of high pressure and
shear on lignin and related materials.
12.
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CHAPTER II
LIGNIN - REVIEW OF THE LITERATURE
INTRODUCTION
Lignin, which was considered a botanical curiosity
for many years after its discovery by Payen in 1838 (190),
has become within the last fifty years a subject of wide-
spread chemical investigation. With the development of the
paper pulp industry, lignin has become a major problem, both
as to its removal from wood and as to means for its disposal.
In recent years, especially the last two decades, these
problems have been reflected in an enormous growth of the
technical literature on lignin. It is almost unbelievable
that all of the studies since 1838 have failed to establish
with absolute certainty either the manner of formation of
lignin in wood or the exact structure of the isolated material.
As outlined in Chapter I, a survey of the literature
was considered necessary for a theoretical interpretation of
the lignin-humus relationship. The literature on many phases
of lignin research has been examined, and the major contribu-
tions are summarized in the following pages.
14.
RELATIONSHIP OF LIGNIN AND CELLULOSE IN
PLANT STRUCTURE
Wood is composed of ash-forming minerals (1.0%),
lignin (18-27%), and holocellulose (70-80%). These three
components make up the wood structure which is infiltrated
with water-soluble materials and ether-soluble resins and
waxes (189). The lignin and cellulose are so uniformly
dispersed throughout the tree that either one alone forms a
complete structural pattern of the wood. Recent evidence to
this effect is conclusive (3, 107, 161, 189) and refutes with
finality the older view that lignin is not an original wood
component but rather a material produced during isolation
procedures (130-4, 224).
The exact association between the cellulose and
the lignin is unknown. Centola (57) recently suggested that
some rings of the macromolecule of cellulose may, by chemical
a.lteration, take part in the formation of the lignin molecule
in the plant cell. The view that lignin and cellulose are
chemically united in wood by primary valence forces has been
presented by Staudinger (244), and by Freudenberg and Ploetz
( 94, 199-202). As further evidence of chemical union between
the two major constituents of wood, it should be pointed out
that the greater portion of the lignin (about 90%) can be
isolated only by chemical destruction of the cellulose or
15.
alteration of the lignin itself. In a recent paper, Brauns
and Yirak (43) proposed twelve possible lignin-cellulose
linkages which may exist in spruce wood. As is often the
case with studies in this field, their efforts to establish
the actual bond type led to inconclusive evidence.
Evidence against the theory of chemical combination
between lignin and cellulose in wood has been presented by
Bailey (4) who assumed that his isolation procedures, carried
out in buffered solutions, would prevent hydrolysis of any
existing bonds. The results of this study appear to be
controversial (40). Experiments on the fermentability of
wood by thermophilia bacteria have also been interpreted to
indicate the absence of a chemical bond between lignin and
cellulose in wood (277).
ISOLATION OF LIGNIN
It should be well understood that there is no such
material as pure lignin. The substance called lignin is known
to vary in amount in different parts of the plant, being
concentrated in the middle lamella of the cell (162, 216).
The constitution of lignin is known to vary with the seasons
in a particular species, and the isolated product from
coniferous trees differs from that of deciduous trees. These
peculiarities alone would be sufficient to render the isolation
of a pure substance improbable. To add to these difficulties,
however, the previously-described intergrowth of cellulose and
16.
lignin is such as to require drastic chemical treatment for
the separation of these two components. Consequently, it is
hardly to be expected that a product isolated from a material
of variable composition by vigorous chemical procedures can
be called chemically pure. This point cannot be stressed
too strongly.
Many procedures have been developed for the
isolation of lignin from wood, but most methods follow two
general approaches: (1) Isolation of lignin by destruction
of the cellulose, or (2) Isolation of lignin by extraction
with or without chemical alteration. The most important
procedures falling in these two categories are described below.
One of the earliest procedures for the isolation
of lignin from wood was that developed by Willstatter and
Zechmeister (306) in 1913. In this method 40 - 42% hydro-
chloric acid, that is, concentrated hydrochloric acid
saturated with hydrogen chloride gas, is used to hydrolyze
and dissolve the cellulose. Willst~tter and Zechmeister
demonstrated that pine wood is rapidly attacked by 42% acid
to leave a residue of lignin. It appearsthat the cellulose
is actually dissolved first and then, on standing, is hydro-
lyzed to glucose which leads to the formation of a dark yellow
solution. The obvious disadvantage in this procedure lies in
the use of strong acid and its effect on the residual lignin.
Brauns (39) has shown that the acid leads to partial
demethylation of the lignin:
R - 0 - CH + HC1 -----> R - OH + CH 301.
R = lignin structure
17.
The Willst~tter isolation procedure is summarized
below (68, 157):
Wood shavings are extracted with a 1:1 benzene-
alcohol mixture to remove fats, resins, and waxes. The
shavings are then dried and treated with ten parts by weight
of 40% hydrochloric acid (d. 1.42) which is prepared by
passing hydrogen chloride gas into ordinary concentrated
hydrochloric acid maintained at 00 C. After being shaken
for fifteen minutes, the mixture is poured into an excess of
hot water and then rapidly diluted with a large excess of
cold water. The lignin settles out first and the lighter
cellulose precipitate is removed by decantation. The lignin
is filtered and then subjected to two further ten-minute
fuming hydrochloric acid treatments, first with five parts
of acid and finally with two and one-half parts of acid.
The product is thoroughly washed with water and dried,
The lignin obtained by this procedure still
contains approximately 8% of pentosans. The product is
insoluble in most solvents and only slightly soluble in
boiling phenol. It dissolves readily in trichloroacetic acid,
;iving a violet-brown solution, and on addition of water
the lignin is reprecipitated in a form soluble in alkalies
and acetone. Sulphite solutions do not dissolve this lignin
readily, but ferric chloride is reduced and Schiff's reagent
is colored. Fehling's solution is not affected by the lignin
which contains several per cent of chlorine.
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A second common acid hydrolysis procedure for the
isolation of lignin is one which employs 72% sulphuric acid
(153). As is the case with other procedures, so here also
the isolation technique has certain disadvantages and leads
to a degree of conversion of the lignin (69). Since 72%
sulphuric acid acts both as a hydrolyzing agent and a
condensing agent, insoluble products are formed from pentosans,
hexosans, proteins, and tannins. Theseproducts are isolated
with the lignin. Demethylation of lignin produces phenolic
hydroxyl groups which are able to react with furfuralsformed
by the action of the sulphuric acid on the pentosans of the
wood. The insoluble products from these reactions are also
isolated with the lignin. To minimize these and other
difficulties inherent in this procedure, a method employing
low reaction temperature and a short period of exposure to the
acid reagent has been developed (217). This procedure, as
given below, is for the estimation of lignin in wood, but can
serve as well for the isolation of lignin.
Two grams of wood (80 mesh) are dried at 10500.
and then Soxhlet-extracted with a 2:1 alcohol-benzene mixture
to remove fats, waxes, and resins. The dried wood is then
slowly mixed, at room temperature, with 25 ml. of 72% sulphuric
acid by weight. Care must be taken that the temperature does
not rise during this step. At the end of two hours sufficient
water is slowly added to decrease the acidity to 3% and the
mixture is then boiled under reflux for three hours to complete
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the hydrolysis of the cellulose. The solution is filtered and
the lignin, after thorough washing, is dried under vacuum.
Several modifications of this procedure have been
published (153, 169, 220, 225) as well as a series of inves-
tigations with regard to the difficulties and limitations of
the method (56, 62, 108, 183, 184).
In recent years a number of attempts have been made
to isolate lignin from wood by the oxidative degradation of the
cellulose. Purves and his collaborators have reported the use
of sodium paraperiodate as an oxidant (214, 294), and Leavitt
has reported the unsuccessful use of lead tetraacetate (163).
Since periodate lignin was isolated in the course of studies
related to this thesis, a description of the isolation
procedure will be reserved for Chapter III.
Extensive studies have been carried out on the effects
of enzymes on wood and on the possibility of enzymatic
destruction of cellulose for the isolation of lignin (94, 164,
199-202, 243, 277). Since all results in this field appear to
be inconclusive and point to a fairly extensive conversion of
lignin, it does not seem necessary to describe pertinent
isolation procedures.
Extractive procedures for the isolation of lignin
are of three types: (a) Partial extraction of lignin by organic
solvents with no chemical interaction; (b) Chemical reaction of
inorganic salt and lignin to form a water-soluble compound;
or (0) Acetal formation between lignin and an alcohol under
acidic conditions to produce a soluble product.
2 0
Brauns has reported the isolation of approximately
3% of the total lignin in spruce wood by means of extraction,
under neutral conditions, with alcohol (35, 37). The light
brown product, called "native lignin", has been isolated in
the course of the present studies and discussion of this
procedure will, therefore, be reserved for Chapter III.
In commercial paper pulp preparation, wood chips
are digested at elevated temperatures with calcium bisulphite
which reacts with the lignin to form a water-soluble ligno-
sulphonic acid. The reaction involved in the formation of
the soluble product has been thought to proceed by means of
the addition of sulphurous acid to an enolic double bond in
the lignin molecule (36, 41, 116).
H OH H OH
R - C = 0 - R + H2S03 ---- R - - RIIHH
Lignin S03H
Lignosulphonic Acid
The lignosulphonic acid becomes soluble only with increase in
the digestion temperature. Brauns and Brown (41) have suggested
that this solubility results from the reaction of the ligno-
sulphonic acid with excess calcium bisulphite:
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H OH H OH
2 R - .- - Rt + Ca (HSO 3 )2 --- R - .--- - R' Ca + 2H2so3
H- I H-
S@H
SO H 
_02
Lignosulphonic acid is unstable and can be handled only-:in the
form of a salt. The acid contains approximately 3.5% sulphur
or approximately one sulphonic acid unit per building block
(assuming a molecular weight of 840) of lignin (36).
Other commercial processes for the extraction and
isolation of lignin from wood by means of soluble salt
formation yield highly converted products of more or less
unknown constitution. For this reason it seems unnecessary
to discuss the sulphate or soda processes with respect to
the present work.
The isolation of lignin from wood by means of acid
catalysts and compounds containing hydroxyl groups has long
been known. As early as 1920, Grutss demonstrated the isolation
of lignin from wood by means of ethyl alcohol and hydrochloric
acid (112, 113). Since that time studies have been carried
out using methanol (42, 117), ethanol (47, 97, 98, 118, 135,
138, 139, 140, 168, 208), butanol (4-7, 58, 188), isobutanol
(118, 119), amyl alcohol (118, 119), ethylene glycol (110, 213),
and many other solvents (101, 104, 107, 110, 123). Butanol-
lignin has been studied extensively, and a procedure for its
preparation, taken from Charbonnier (58) is given below.
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Air-dry wood meal (107.5g.), corresponding to 100g.
of moisture-free material, is covered with 1200 ml. of anhy-
drous butanol. Four hundred ml. of the butanol are distilled
off under reduced pressure to remove the moisture in the wood
meal. Then 90 ml. of dry butanol containing 5.1% hydrogen
chloride by weight are added to make the total 0.5% in hydro-
chloric acid. The butanol-hydrochloric acid solution is
prepared by passing hyarogen chloride gas (dried over phos-
phorous pentoxide) into a flask containing anhydrous butanol.
After the acid-alcohol solution is thoroughly mixed with the
wood meal, the mixture is refluxed for two hours and then -
allowed to stand overnight. The following day, 90 ml. of the
5.1% acid-alcohol solution are added, the mixture is thoroughly
stirred and again refluxed for two hours. When the material
has cooled to room temperature, 200 ml. of butanol are distilled
off under reduced pressure to remove the hydrochloric acid,
the butanol solution is separated by filtration on a BUchner
funnel, and the residue is washed twice with 500-mi. portions
of purified dioxane. The wash liquors are added to the original
filtrate. Several portions of ethyl alcohol are then used for
washing the residue until no color appears in the filtrate,
after which the extracted wood meal is spread out to dry for
several days. When the residue (pulp) has become air-dried,
it is weighed and sampled for moisture and lignin determinations.
The residue from the butanol treatment is reported to contain
12.9% lignin.
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The butanol-lignin is recovered from its dioxane
solution by precipitation with anhydrous ethyl ether. To
accomplish this step, 4-ml. portions of the dioxane solution
are added dropwise to 80-ml. portions of ether with vigorous
stirring. After centrifugation, the supernatant liquid is
replaced with fresh ether, and the preoipitat ion cycle is
repeated. Following precipitation, the lignin ip
washed twice in ethyl ether and twice in petroleum ether and
then allowed to stand overnight in the latter solvent. Finally
the product is centrifuged, decanted, and dried in a vacuum
desicocator over sulphuric acid. The purification procedure
is repeated until the methoxyl content becomes constant.
Since Charbonnier has been able to isolate hydro-
lytically and to identify butanol from the butanol-lignin
product, there can be no question regarding the existence of
a chemical bond between the alcohol and the lignin. Chemical
evidence points to the formation of acetal-type linkages by
which carbonyl groups in the lignin are converted to hydroxyl
groups. This has been proved by the fact that methanol-lignin
can be methylated with diazomethane (42).
(Lig) C = 0 + CH OH - - -) (Lig) NC ,OH3OOCH
(Lig) C OH + CH N ------ 3 (Lig) C ,OCH3 + N00H 2 2 OCH 2
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The preparation of methanol-lignin and similar
products can be carried out by using modifications, where
necessary, of the general procedure outlined above.
Formic and acetic acids have been known for several
years to extract lignin from wood. In a paper on the isolation
and structure of formic acid lignin (308), Wright and Hibbert
indicated that the product has lost methyl groups. In spite
of some loss of methyl groups, however, the ease of preparation
makes the procedure extremely valuable. There can be no doubt
that the native lignin has been changed chemically and/or
physically by formic acid treatment, since the final product
is soluble in many organic solvents. A procedure for the
preparation of formic acid lignin, as taken from the literature,
is given below.
A suspension of 40 g. of spruce wood meal (75 mesh)
(previously extracted with 1:1 alcohol-benzene, then with water,
and dried at 550 C. under a pressure of 30 mm.) in 300 ml. of
95% formic acid is refluxed for six hours. After cooling, the
mixture is filtered by suction and washed with 100 ml. of
cold 90% formic acid. During the reaction period, the reflux
condenser is maintained at 400 C. to allow methyl formate
(b. p. 31.50 C.) to boil off.
The formic acid solution is evaporated almost to
dryness at 25 mm. pressure, and the residue is then thoroughly
washed with water to remove soluble carbohydrates. After
filtering by suction the final lignin is dried under vacuum
(25 mm.).
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THE STRUCTURE OF LIGNIN
The structure of lignin has been extensively studied
by means of the chemical compounds which are formed when the
lignin is destructively decomposed. Attempts to produce small
fragments by drastic oxidative procedures have led only to
the formation of oxalic, formic, and acetic acids, and carbon
dioxide (95). For this reason, it has been necessary to
employ rather mild conditions during the process of decomposition.
Phillips and Goss (192) have reported the use of
ozone for a structural study of lignin. From among the products
of their decompositions of methylated alkali lignin obtained
from corn cobs, these authors have reported the isolation of
anisic acid (I). Similarly, vanillin (II) has been obtained
from ozotized'birch formic acid lignin (70). In studies of
the action of selenium on alkali lignin from corn cobs,
guaiacol (III) and 1 - propyl - 3 - methoxy - 4 - hydroxy-
benzene (IV) have been isolated (193).
Alkali fusion of spruce lignin has led to the formation
of pyrocatechol (V)
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and pyrocatechuic acid (VI) (91, 122). Beech lignin, under the
same conditions, decomposed to yield pyrocatechuic (VI). and
gallic (VII) acids (96). Treatment of spruce wood with sodium
hydroxide at 165-1700C., methylation with dimethylsuiphate,
and oxidation by potassium permanganate has led to the formation
of veratric (VIII) and isohempinic acids (IX). The oxidation
of lignin in the presence of nitrobenzene is used to produce
commercial quantities of vanillin. With beech lignin this
type of treatment produces syringaldehyde (X) (63, 93).
The catalytic reduction of lignin at 250 atmospheres
and 25000. has led to the isolation of a large number of
similar compounds of which only three are shown (XI, XII, XIII)
(1, 121, 124)0.
H OH H OH
OH
SS H
H CH2 CH2CH H CH2 2 CH
4-n.-Propy.1--l-cyclohexanol 4-n-Propyl-1,2-cyclohexa~diol
(XI) (XII)
H OH0
H CH 2CH2H OH
4 - (0-Hydroxy-n-propyl) -
1-cyclohexanol
(XIII).
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The characteristic building block derived from the
hydrogenation and degradation studies is the phenylpropane
nucleus upon which many structural interpretations of lignin
have been based. Evidence for the aromaticity of lignin, as90
CH 2CH 2CH3
Phenylpropane (XIV)
indicated from the derived benzene products, is confirmed by
the ultraviolet data previously cited (3, 161) and also by
the knowledge that aromatically bound methoxyl groups are
present in the original material (90). Acetyl groups, which
were originally thought to be a part of the lignin structure
(79, 80), are now definitely known to be absent (160).
On the basis of further chemical evidence, it has
been estimated that each building block unit of lignin, with
a molecular weight of 840 (35), contains four hydroxyl and
four methoxyl groups. The presence of a carbonyl group in
lignin has been demonstrated by acetal formation, and carboxyl
groups are known to be absent (115).
Attempts to incorporate the various data regarding
the composition of lignin into a molecular structure have
led to fair agreement among chemists only within the last
decade. Earlier efforts in this direction resulted in the
formulation of a compound by Schrauth (223) which may today
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be regarded as nothing more than a curiosity (XV).
" 
"1 
0
0$i
' 0 0
Schrauth's Lignin Structure
(XV)
In 1917 Klason, the father of modern lignin chemistry, proposed
a structure made up of one molecule of coniferyl alcohol (XVI)
and three molecules of hydroxyconiferyl alcohol (XVII) (151).
Color reagents tests,
OH
OCH
CH CHCH 2OH
Coniferyl alcohol
(XVI)
HO 0 OCH
CH = CHCH20H
Hydroxyconiferyl alcohol
(XVII)
when applied to lignin, usually indicate the presence of
coniferyl alcohol and this information undoubtedly played an
important role in Klason's reasoning (64). By 1922, Klason
was able to propose a structural formula for lignin (XVIII)
(152).
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OCC.
cii cHCH8N
Klason Lignin (1922,)
(XVIII)
As more information was obtained with regard to the
structural components of lignin, this formula underwent
considerable revision. In 1948 Brauns proposed a possible
structure composed of five phenylpropane building blocks (38).
These units are condensed in the formula to demonstrate the
"known" presence in lignin of simple ether linkages (A), furan
rings (B), pyran rings (C), and a carbonyl group (D). Under-
neath the proposed structure (XIX) are shown various isolated
degradation products from lignin and their relationship to
the parent molecule.
Since 1947 several interesting papers have been
published in which lignin has been pictured as a molecule
composed of repeating 8-methoxydihydrobenzopyrone units (XX).
(215, 219).
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Lignin Structure Proposed by Brauns
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The late Alfred Russell pictured
CA3
I I
0
8-4ethoxydihydrobenzopyrone
(XX)
gymnosperm lignin as ply-8methoxydihydrobenzopyrone (XXI).
Ritter and his associates, working independently, derived
the same formula and indicated the reaction between this
lignin and sulphite solution (XXII). Although these formulae
0
C.
C H
0oe6ti 3
0 CR 1
0 c. t~
'Ii
C., ~
U
0
Poly-8-methoxydihydrobenzopyrone
(XXI)
33.
Ritter's Sulphite Lignin
(XXII)
have been subjected to rather harsh criticism by many lignin
chemists, they do have a number of attractive features. In
agreement with formula (XIX), it is obvious that Russell's
lignin has the same basic flavanone structure. Moreover,
Russell's lignin is made up from a simple repeating structure,
whereas Brauns' lignin formula (XIX) is heterogeneousin its
parts. It has long been known by those chemists working
on natural products that natural synthetic processes lead
to simple rather than to complex polymeric structures.
Undoubtedly the work of Russell and Ritter will open the
entire question of lignin structure to further and more
careful scrutiny, and it seems probable at this time, that
a generally acceptable structure may be proposed in the
near future. In any case, the polyflavanone structure
is simple and easy to discuss and can be used for illus-
trative demonstrations. A sample of Russell lignin was
synthesized in the course of the studies reported in the
following Chapters. Details of the synthesis are given
in Chapter III.
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SUMMARY
The historical background of lignin has been
reviewed and its association with cellulose in plants
discussed. Several laboratory procedures have been cited
for the separation and isolation of lignin from wood. A
short account has been given of the most reliable -infor-
mation regarding the structure of lignin.
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CHAPTER III
LIGNIN - EXPERIMENTAL WORK
INTRODUCTION
To examine the effects produced when lignin is sheared
while under pressure (Chapter VI), it was necessary to have
available a fairly large supply of a relatively unaltered
lignin. After an examination of the literature on preparative
procedures, those methods of isolation were considered best
which led to light-colored products. For this reason the
lignins isolated from wood by the acid hydrolysis of cellu-
lose were eliminated from consideration. Butanol-lignin and
similar materials are chemically converted into new compounds
and, therefore, could not be used for the proposed studies.
The two best lignins for high pressure studies were
thought to be periodate lignin(?14 , 294) and Braunb' native
lignin (35). Braunb' native lignin is extremely difficult
to isolate in quantity because of the large volumes of wood
and solvents which must be used. For this reason only a
small quantity of the native lignin was isolated, whereas
the periodate lignin was prepared in an amount sufficient
for the pressure studies. A small quantity of Russell's
lignin was synthesized (219) for comparison with the naturally-
occurring material (Chapter V).
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BRAUNS' NATIVE LIGNIN
It had been known for some years before Braunst work
that treatment of wood with neutral alcohol or hot alcohol-
benzene led to the extraction of minute quantities of a lignin-
like substance (92, 150). It remained for Brauns, however,
to apply this information on a sufficiently large scale to
isolate enough lignin to characterize. The procedure for the
isolation of native lignin that was used in the present research
is given below and is followed by a discussion of differences
between this and the procedure recommended by Brauns.
Canadian spruce wood (27 board feet) was obtained
from a local lumber company. After some experimentation, it
was found that small chips could be obtained by running the
wood through a joiner. The air-dried chips were treated in
three batches with 95% ethyl alcohol (see Table I).
Batch
No.
1
2
3
Table I
Treatment of Spruce Chips with Alcohol
to Obtain Native Lignin
Bottle or
Flask capacity Chips
Grams Liters
1200 12
1410 12
1850 22
Alcohol
Liters
11.25
11.25
19.
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Each batch was set aside for at least a week after
which the alcohol was recovered by decantation. The alcohol
was removed under vacuum at room temperature to leave a dark
brown oil. This oil was washed several times with benzene
to remove terpenes and resins, and then was repeatedly washed
with ether. After several ether treatments the oil finally
solidified into a light yellow flocculent precipitate which
was washed further with ether and then centrifuged. The
precipitate was then dissolved in anhydrous dioxane and this
solution was poured into water. The precipitate from this
step was again centrifuged and redissolved in dioxane, the
final solution being poured dropwise into anhydrous ether
with vigorous stirring. There was a tendency at this point
for the lignin to oil out but, with care, the oil could be
made to solidify to a light yellow powder. Precipitation of
the lignin from the dioxane solution was carried out three
more times, and the final product was washed with petroleum
ether and dried under vacuum below 500 C. Yield, 3.8 g. (0.08%).
In Brauns' procedure for the isolation of native
lignin, the spruce wood is first treated with cold water and
ether before it is subjected to digestion with alcohol. Since
large scale ether treatment involves certain hazards, this
step and the water washing were reserved for the end phase of
the revised isolation procedure. Benzene was used in the
washing of the final lignin, a step which Brauns did not
report. The native lignin was not purified as carefully as
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that reported in the literature, since with only a small
quantity desired for thermographic studies (Chapter V), it
was felt that extreme purity was not necessary.
One of the most unusual properties of native lignin
is its ability to dissolve in dioxane, methanol, ethanol,
4% sodium hydroxide solution, and pyridine. In this respect
the material differs so greatly from other lignins that
questions were originally raised regarding the identity of
this lignin and the natural product in the wood. At present
there is no dispute, however, and it has generally been agreed
that the product of this type of alcohol extraction represents
a low molecular weight form or an uncombined form of lignin
in wood.
The great advantage of native lignin preparations
over other isolated lignins is the fact that the product has
not been allowed to react with the solvent and has not suffered
the degradation which is caused by strong acids. For these
reasons, native lignin has been particularly useful for
structural studies. On the basis of empirical analyses of
various ligning,Brauns concluded that the fundamental building
block of lignin has a molecular weight of 840. This infor-
mation, and data derived from acetylation, methylation, and
other experiments led Brauns to propose the following formula
for lignin (XXII):
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CH3O OH CH30 OH
CH30 C H 0 OH __CH3*C H 0 OH
CH O 4 n 6 OH CH30 41 3L. OH
CH O OH CH 3O OH
:3 :3
Keto form Enol form
Brauns' Lignin Formula
(XXII)
Braunstcame to the conclusion that the enolic form of this
formula is already present in wood or that the keto form is
slowly enolized during isolation procedures. The formula,
with a molecular weight of 838.3, corresponds remarkably
well with that derived from empirical analyses (840).
PERIODATE LIGNIN
In 1947 Ritchie and Purves (214, 294) reported a novel
procedure for the isolation of lignin from wood. Their
procedure, utilizing sodium paraperiodate as a cellulose-
oxidant, was reported to lead to a light-colored product
(golden brown) in good yield and was, therefore, chosen for
the isolation of the lignin necessary for the studies described
in Chapter VI of this report.
The paraperiodate procedure is based on the well-known
fact that periodic acid causes the oxidation of cellulose with
its conversion into water-soluble products (142) (XXIII).
40
0
-C -C01
I..co C-C=0
Ia t Solubleo-C- Periodic =. Pro duct
acid *
Periodic Acid Degradation of Cellulose
(XXIII)
In the course of studies reported in the literature it was
demonstrated that xylans, starch, and other plant polysaccha-
rides are also oxidized to soluble products, with a minimum
of side reactions, at pH 4 and 200C. It was, therefore,
considered possible to isolate lignin from the carbohydrate
components of wood by selectively oxidizing the polysaccha-
rides to compounds soluble in boiling water. Through the
kind cooperation of Prof. Purves, an unpublished procedure
was obtained for the large scale isolation of periodate
lignin. It was this communication which made the following
work possible.
Approximately 25 pounds of black spruce wood chips were
obtained from the Ontario Paper Company through the courtesy
of Dr. C. A. Sankey. After passing the wood through a hammer
mill slowly to prevent the chips from overheating, the
resultant meal was spread out on paper to dry overnight. The
air-dried meal was screened with a Tyler Ro-Tap sieve shaker
and the (-80 + 100) fraction was collected and treated, in a
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specially built Soxhlet extractor, with a 2'.1 alcohol-benzene
mixture. The terpene- and resin-free meal was air-dried,
vacuum-dried at 600C. until constant weight was attained, and
bottled.
To prepare trisodium paraperiodate (Na3H2I0 6 ), 198.
(1 mol) of sodium iodate was dissolved in the smallest
necessary volume of water and the solution was vigorously
stirred while 200g. (5 mols) of sodium hydroxide was slowly
added. Chlorine gas was passed into the solution until the
first odor of hypochlorite was observed. At this point the
flow of chlorine was stopped and 4 0g. (2 mols) of sodium
hydroxide was added followed by vigorous stirring for three
hours. The temperature of the solution was maintained at 10000.
throughout the preparation. When cool, the solution was
filtered through a fritted glass funnel and the crystals were
washed with cold water and dried at 11000. The yield of white
crystals was 235g. (80%). Analysis of the product by the
arsenate procedure recommended by Purves (214) showed the
trisodium paraperiodate to be 95-99% pure.
For the oxidation of the spruce meal, a trisodium
paraperiodate solution was prepared by dissolving 20 4 g. of the
crystals in 5.5 liters of water containing 250 ml. of glacial
acetic acid. The mixture was adjusted to pH 4.1 with glacial
acetic acid and, after being left overnight, was filtered
through a fritted glass funnel to yield six liters of a 3.4%
paraperiodate solution.
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Oxidation of the spruce wood was carried out by adding
510g. of the meal (-80 + 100) to the six liters of 3.4%
paraperiodate solution. The mixture was stirred vigorously
for 24 hours at 2000. after which the supernatant liquid was
siphoned off and the remaining suspension was filtered through
a Buchner funnel, This procedure was necessary in order to
effect the best recovery of unused oxidant. .The oxidized wood
meal was thoroughly washed with water until the washings were
free of iodate ions. The washing was carried out for 24 hours
in a continuous liquid-solid extractor built, with minor
modifications, according to the suggestions of Ritchie and
Purves.
Upon completion of the washing, the wood meal was
suspended in 10 liters of distilled water and refluxed at
10000. for three hours to hydrolyze and dissolve oxycelluloses.
The meal was next filtered on a Buchner funnel, washed with
water, and reoxidized as before in a 3.4% solution of tri-
sodium paraperiodate. By the end of three oxidation-extraction
cycles the volume of wood meal had markedly decreased; after
five cycles, the wood particles showed almost imperceptible
birefringence in polarized light indicating that most of the
cellulose had been removed. The final product was air-dried,
washed with methanal and benzene, and dried to constant weight
under vacuum at 6000. The yield of lignin was 125g. having
a composition of 61.82% C., 6.07%H, 0.92% ash, and 10.88% 00H .
Literature: 62.1%C., 5.8%H, and 10.7% OCH 3 '
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To recover the unused oxidant from the decantate
following each oxidation, sufficient sodium hydroxide was
dissolved in the solution to cause precipitation of the tri-
sodium paraperiodate. After filtration, 40 g. of sodium
hydroxide was added to the filtrate (containing sodium iodate),
chlorine was passed into the solution at 1000 C., arid the
preparation of paraperiodate was carried out as before.
There can be no doubt that the periodate spruce
lignin underwent some degradation during the isolation
process since the methoxyl content dropped from the normal
14.9 - 15.4% to approximately 10.9%. With this exception,
periodate lignin has properties which are comparable to those
of lignin in situ in wood.
Both native lignin and periodate lignin are isolated
only by the use of long, tedious procedures. These procedures,
however, lead to light-colored products, indicating that the
lie nin undergoes minimum degradation during isolation.
Comparative elementary data for the two lignins are shown in
Table II.
Table 1I
Comparative Data for Various Isolated Spruce Lignins
(294)
Lignin C H OCH
72% H204 65.7-67.4 5.4-5.8 --
Brauns native 63.9 6.15 14.9
Peri odat e 62.1 5.8 10.7
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RUSSELL LIGNIN
As discussed in Chapter II, Alfred Russell in 1947
proposed that lignin might be a variant of 8-methoxydihydro-
benzopyrone (XXI). Because the analytical and chemical data
for this material match closely those for other lignins, it
was considered of interest to synthesize a small quantity of
Russell lignin and to obtain a thermographic curve for the
material (Chapter V). The synthesis was carried out as
recommended by Russell (219) using 4X quantities.
Vanillin (60.8g., 4 mols) was dissolved in 160 ml.
of dry pyridine and acetyl chloride (4 0g., 5 mols) was added
dropwise over a period of approximately 20 minutes. The hot
orange-colored mixture was heated on a steam bath for 30
minutes and, after cooling, the solution was poured into a
mixture of ice and water. The precipitate was washed with
water, recrystallized from alcohol to which charcoal had been
added, and dried. The final product of vanillin monoacetate
(XXIV) melted at 78-79.5 0C. on a microscope hot stage
(literature, 7?-780C.), and weighed 35.2g. (45.5% theoretical).
o+rH ooc-c
f~jocHy /ji C 1  -I ?few ~I:JoC-
CAo CIAO
Vanillin Acetyl Chloride Vanillin
Monoacetate
13
+' MCI
Preparation of Vanillin Monoacetate
(XXIV)
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A Fries rearrangement was carried out on the vanillin
monoacetate (XXV) by dissolving 30g. of that material in 127
ml. of dry, redistilled nitrobenzene and slowly adding 41.2g.
of aluminum chloride. With the addition of the aluminum
chloride the solution became very dark and viscous and the
temperature rose steadily. When the addition was complete,
the mixture was heated at 1000C. for two hours, cooled,
acidified with dilute hydrochloric acid, and steam distilled
to remove the nitrobenzene. The residue, a black, tarry mass,
was filtered and dissolved in alcohol from which it was
precipitated by the addition of 1:5 hydrochloric acid. This
purification was repeated twice, and the final material was
dried under vacuum for two days. The brittle, black, amorphous
product was highly electrostatic (yield, 8.8g).
ooC--CH 3  g oI+
ocM3  s- e
cI4o creo
oH oil 0
o C 0 0I
0C4 OC043
Preparation of Russell Lignin by Fries Rearrangement
of Vanillin Monoacetate
(XXV)
Wk A
A major objection to this synthesis has been that
the condensation of acetyl vanillin with itself is the type
of reaction which may lead to a mixture of materials rather
than to a single product. At the time of his death, Russell
was investigating new synthetic routes by which to eliminate
this difficulty,
SUMMARY
Brauns' native spruce lignin and periodate lignin
were isolated for the work described in later chapters of
this report. Procedures for the isolation of these two
products have been outlined. Details are given for the
synthesis of Russell's hypothetical lignin structure.
CHAPTER IV
LIGNIN - CHEMICAL AND STRUCTURAL RELATIONSHIP
TO HUMUS
INTRODUCTION
As outlined in Chapter I, the origin and nature of
humus and related materials is still open to discussion.
Several disputed theories have been evolved to account for
the conversion of cellulose into humic substances (10, 52,
71, 103, 145, 174, 177), and several possible structures for
these products have been proposed. Since the principal
constituents of most coals are of humic origin, it was felt
necessary to examine carefully the fate of cellulose, lignin
and other plant substances in the formation of soil humus
or- peat. From this study it was considered possible to relate
humus to its parent material and, perhaps, to propose a
skeletal structure for humus and its associated substances.
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MICROBIAL DECOMPOSITION OF PLANT COMPONENTS
Sedimentologists examine rocks to establish the
mineral components and then attempt to explain how various
weathering processes affect the disposition of these particles.
By analogous reasoning an attempt was made to determine the
history of the organic components of sediment.~
The preliminary exposure of plants is to atmospheric
gases. In temperate and sub-tropical areas of average humidity
and rainfall, the combination of moisture and oxidizing
conditions may lead to destruction of the plant by presenting
favorable conditions for microbial growth. Fungi are particu-
larly active in the destruction and conversion of organic
material under damp, aerobic conditions. These organisms,
which are devoid of chlorophyll, cannot synthesize a significant
amount of cell matter from atmospheric carbon but must depend
upon their enzymatic processes for the production of assimilable
food. The presence of fungi, therefore, indicates that a
process is taking place in which the host material is being
modified with the elimination of energy required for the
growth of the organism.
As previously noted, cellulose is the major constituent
of plant materials. Cellulose is hardly ever found in the free
state, but is generally associated with lignin in complexes of
unknown character which have been termed "lignocelluloses".
Deposition of leaves, bark, needles, and wood exposes the
"lignocelluloses" to extensive decomposition by a large variety
of fungi that normally inhabit the soil and are capable of
destroying cellulose (158, 295). The development of fungi in
the upper few centimeters of forest soil is so great that,
even under careful microscopic examination, it has been reported
difficult to determine whether the residues from plants or the
fungi predominate (290).
Fungi require nitrogen for growth in the ratio of
one part of nitrogen for every thirty to fifty parts of cellu-
lose decomposed. Waksman and Starkey (289) have demonstrated
that addition of sodium nitrate and 1% of cellulose to a raw
soil will raise the fungus count per gram from 160,000 to
4,800,000. In an area covered by substantial vegetation, this
nitrogen demand can undoubtedly be met by the proteins of
previous generations of plants, bacteria, and other soil
microbes.
Relatively little is known concerning the metabolic
products which are formed during the destruction of cellulose
by funi. It has generally been assumed that the poly-
saccharides are hydrolyzed to component sugar units which are
destroyed so rapidly by other soil microorganisms as to be
undetectable (285).
Besides being cellulose-destroyers, several species
of fungi are able to attack the lignin of plants to produce
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"white rot". This "corrosion", as the process is termed, has
not been studied in sufficient detail to lead to information
regarding the transformation products. It should be emphasized,
however, that the lignin-destroyers are of far less abundance
and importance than are the cellulose-destroyers.
Many species of bacteria are capable of attacking
and destroying cellulose under aerobic conditions. A number
of these organisms employ cellulose as their exclusive source
of energy and are unable to multiply on simple sugars such
as glucose. Aerobic bacteria decompose cellulose to yield
a "mucilaginous mass of bacterial cells imbedded in gum-like
compounds". Small amounts of organic acids and pigments are
also formed. It is particularly important to note that fungi
can exist in soil media which are acid to a pH of 4.0 or less,
while bacteria will multiply only if the medium has a pH be-
tween 6.0 and 8.5 (291).
During the process of plant growth, needles, leaves,
twigs, bark, and pieces of wood are shed and buried beneath
successive layers of organic and inorganic sediments. Should
this burial become sufficiently deep or complete so that
atmospheric oxygen is excluded from the organic material, then
anaerobic bacteria must be considered as agents of decomposition.
Fungi can no longer attack the organic debris.
Anaerobic bacteria decompose sulphates or nitrates
and remove the oxygen for their metabolic processes. Many
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species of anaerobes are found in places where fresh organic
matter is abundant, that is, in peat bogs, manure piles,
rivers, and marsh soils. Of particular importance are the
anaerobic thermophilic bacteria which grow best at tempera-
tures to be present between 550 and 650 0. These organisms,
which have been reported to be present in the uppermost strata
of a peat bog (262), are known to decompose cellulose very
rapidly with the production of organic acids, ethyl alcohol,
carbon dioxide, methane, and hydrogen. In this respect it
has been reported that 3.3 g. of cellulose can be decomposed
to produce 2.2 g. of fatty acids, 1.0 g. of carbon dioxide,
and 0.014 g. of hydrogen. In a different experiment 42 g,
of cellulose yielded 21.6 g of acetic acid, 10.3 g. of ethyl
alcohol, and 11.9 g. of carbon dioxide, in addition to
considerable hydrogen (292).
CONCLUSIONS
In summing up this discussion several points
stand out clearly. Most important, it appears that cellulose
can be destroyed rapidly by soil organisms under a fairly wide
range of hydrogen ion concentrations and temperatures (34, 55).
Secondly, with the exception of a few relatively unimportant
fungi, no organisms are known which can directly destroy
lignin (158, 295).
It is well known that a considerable portion of the
humus complex is acidic and can be extracted with alkalies,
A chemical degradation of the extractable humic acids has been
reported to lead to the isolation of fragments identical with
or similar to those obtained by the decomposition of lignin.
On the basis of biochemical and chemical evidence, therefore,
it appears probable that lignin, during its accumulation in
the soil or in a peat bog, undergoes chemical transformations
which lead to the series of products known collectively as
humus.
The interpretation of the lignin-humus relationship
has been attempted using, as an example, the simple formula
for Russell lignin (XXV). The major difference between this
Cc.143  M3
Russell Lignin
(XXV)
compound and a substancesuch as cellulose (XXVI) is that
cellulose can be hydrolytically split to simple structural
units (glucose molecules) while the former cannot. In the
case of lignin, however, it may be possible, at the proper pH,
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structure, it will be noted, has phenyl rings, acidic phenolic
hydroxyl groups, double bonds, and a structure based on
phenylpropane. These chemical features have all been reported
in studies of the structure of lignin. The demethylation of
organic residues under natural conditions has also been
reported, and peat is known to have a methoxyl content of only
about 1%. This conversion has been attributed in the literature
to the biochemical removal of methyl groups from lignin, a
process which probably leads to phenolic hydroxyl groups (XXVII).
It is obvious that the lignin molecule, even
if it does not possess a structure as simple as that proposed
by Russell, has groupings which are rather easily changed
without complete molecular destruction. Only one transformation
in a single building block of the lignln molecule need occur
to produce acidic properties. Multiple conversions along the
molecular chain, coupled, perhaps, with occasional chain
cleavage through the formation of carboxyl groups, which are
known to exist in humic materials (103, 273), may lead to
products called humic acid, hymatomelanic acid, ulmic acid,
apocenic acid, melanin, fulvic acid, etc.
Waxes and resins account for only a small percen-
tage of material of vegetable origin and are highly resistant
to decomposition. These materials are concentrated into
particular types of deposits or finely distributed throughout
a sediment such as peat. The resinous components of plants
apparently play no important part in the formation of humus.
To examine experimentally the structural
relationship between lignin and humic acid, specimens of
these two substances were submitted for infrared absorption
analysis performed with a Baird Spectrophotometer owned by
the Massachusetts Institute of Technology Department of
Chemistry. The spectra are shown in Fig. 1 and are discussed
below.
Following the recommendations of Puri (207), the
humic acid for this work was isolated from peat collected
in Wisconsin by Reinhardt Thiessen in 1937. The peat (405 g.)
was crushed in a porcelain mortar and then refluxed for two
hours with three liters of 0.1 N hydrochloric acid. After
standing overnight, the mixture was filtered to yield a dark-
brown (almost opaque) filtrate which was discarded. The
precipitate was thoroughly washed with water and then divided
into two equal portions. Each portion of the material was
placed in a 5-liter flask along with 4 liters of a solution
0.2 N in sodium carbonate (10.6 g./liter) and 0.2 N in sodium
hydroxide (8.0 g./liter). The suspensions were heated to 700C.,
stirred very vigorously for two hours, and then allowed to cool
overnight. The cool solutions, smelling faintly of ammonia,
were filtered and then adjusted to a pH of 1.0 by the slow
addition, with vigorous stirring, of 175 ml. of concentrated
hydrochloric acid. The humic acid precipitate was centrifuged
free of supernatant liquid, mixed with fresh water, and
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recentrifuged. As the pH of the suspension rose, centrifugation
became progressively difficult making it necessary to complete
the washing procedure on a Buchner funnel. The washed material
was a dark brown gel which was dried in a vacuum desiccator
over calcium chloride for 48 hours. During the drying process
the gel contracted enormously in volume. The final humic
acid was pitch black when massive, showed concoidal fracture,
and was dark brown when powdered. A small quantity of the
material was finely ground and redried under vacuum at 550C.
Analysis: C, 52.34%; H, 4.93%; N, 2.09%; Ash, 9.80%. On an
ash-free basis the analysis becomes: C, 58.02%; H, 5.46%; and
N, 2.32%.
A small quantity of the dry humic acid was
pulverized as well as possible in a mortar and the powder
was then suspended in Nujol for infrared absorption analysis.
The center and top curves of Fig. 1 refer to mulls having high
("20 mg./80 mg. Nujol) and low (~20 mg./150 mg. Nujol) con-
centrations of powder in the oil. The bottom curve is for a
mull of native spruce lignin in Nujol. The peaks which appear
on all three curves at 3.4, 6.8, 7.25, and 13.8 microns arise
from the absorption of the infrared radiation by the Nujol.
Other peaks, some of which are very weak and subject to
reconsideration with further work, are listed in Table III.
By analyzing the humic acid and lignin curves
according to published data on infrared spectra-structure
Figure 1
Infrared Absorption Curves for Humic Acid
and Lignin
Top curve: Low concentration mull of humic acid
(-20 mg. sample/150 mg. Nujol).
Center curve: High concentration mull of humic acid
(~20 mg. sample/80 mg. Nujol) .
Bottom curve: Nujol mull of Brauns' native spruce lignin.
soo 4000 1500 1400 1300
Wave Numbers in cm
1200 1100
NO.g
DATE INDEX
SAMPLE H,
Fro-m'8 me r
Semp. CON: MmT ems
Comp. Coil : mm ems
mg mg
Vol. c c c.c
F.S. Sd Gas mm
BAIRD ASSOCIATES
NA CL Pism
20 30 40 50 60 70 80 91
Wave Length in Microns
Wave Numbers in cm
5000 4000 3000 200 2000 1500 1400 1300 1200 11001 1000 900 800
ISO
700
BAIRD ASSOCIATESNAIR ASSOCIES 20 30 40 50 60 70 80 90 00 11 0 120 130 140 ISO
NA CL PossM
Wave Length in Microns
Wave Numbers in cm '
5000 4000 3000 200 2000 1500 1400 1300 1200 1100 1000 900 8oo 700
I L SPECTROPNOTMETER
NA cL P...M Wave Length in Microns
3000 2 00 2000 1000 B00 700
00__ _ _- -- .
70
f
900
I1: 0 1 30 140120
to
9
a
7
a
120O
58.
Table III
Correlation of Infrared Absorption Peaks for Humic
Acid and Brauns Native Lignin
Humic Acid
(Low conc.)-
microns
Humic Acid
(High conc.)
microns
3.0
3.8
4.3
4.9
5.3
*5 .9
*6.2
*5-9
*6.2
8.1
8.8
9.1
9.7
10.3
9.7
Brauns
Lignin
microns
3.0
4.3
5.8
6.1
*6.25
*6.6
*7.9
8.2
8.8
9.2
9.7
10.8
11.7
*Large peaks
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correlations (2, 8), it has been possible to obtain infor-
mation regarding the structural components of these two
substances. The absorption maxima at 3.0, 7.9, 8.1, and
microns appear to be caused, in part at least, by the presence
of phenolic hydroxyl groups. The 5.9-micron peak indicates a
carbonyl stretching frequency. Maxima at 8.1 or 8.2 microns
may be caused by aromatic ketone groups, and those at 8.8
microns can be correlated with aliphatic ketone groups. The
absorption peaks at 6.2 microns may indicate an amide
linkage in the humic acid. This point in particular requires
further clarification for it may be extremely important in
understanding the manner by which nitrogen is combined in coal.
Other peaks in the curves of Fig. 1, especially those at 9.7
microns, may indicate the presence of multiple substitutions
on benzene rings. The exact type of substitution cannot be
established with certainty from these spectra.
A procedure which is occasionally used in attempt-
ing the identification of complex organic compounds from their
infrared spectra, is to superimpose the curve of an unknown
substance upon that of a known material. When this is done
with the humic acid and lignin curves of Fig. 1, a clear
correlation of peaks is evident. With further experimentation
on methods of preparation of humic acid for analysis, it may
be possible to show more conclusively that the skeletal
structures of humic acid and lignin are related or even
identical.
6o.
SUMMARY
A critical analysis of the literature has
shown that cellulose is probably removed from sediments by
biochemical processes soon after deposition of plant
fragments. Lignin, on the other hand, is apparently not
destroyed completely, but is instead transformed into humus
by microbial action. Using the structure for Russell lignin
as a model, proposals have been advanced for the chemical
changes which may occur in the lignin molecule to convert it
to a series of related compounds known as humic acid, fulvic
acid, melanin, etc.
Infrared absorption spectra have been obtained
for humic acid and for native spruce lignin. Structural
simularities between these two substances are indicated by
their spectra. It is proposed that further infrared studies
may completely clarify the lignin-humus relationship,
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CHAPTER V
LIGNIN - BASIC STRUCTURES IN THE COAL SERIES
INTRODUCTION
The formation of coal is generally thought to
take place in two distinct stages. In the first or biochemical
phase, the plant components are degraded and concentrated to
produce the humic substances of peat and lignite. In the
dynamochemical or metamorphic stage, the components of the
low grade coals are devolatilized to produce fuels having
higher percentages of fixed carbon (166). Following the
second phase of coalification, the humic components have lost
their identity and can only be recovered by oxidative
degradation of the coal. For this reason it has been difficult
to relate the structure of coal to that of lignin by chemical
processes.
Because of its physical and chemical properties,
coal can be compared to a three-dimensional polymer which
probably formed by the condensation of humic molecules. If
this is true, then the basic structure of coal would be
expected to be similar to that of humic substances and probably
similar to that of lignin. To examine this relationship,
differential thermal analysis has been used as a basic technique
for the determination and comparison of the decomposition
characteristics of lignin, cellulose, and coals.
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VACUUM DIFFERENTIAL THERMAL ANALYSIS
Differential thermal analysis is carried out by
heating a material under investigation at a constant rate to
about 100000. and recording the temperatures at which
exothermic and endothermic reactions occur. In practice this
is most readily accomplished by employing a metallic block
with two holes, one of which is packed with the unknown
substance, while the other is packed with an inert powder such
as gamma alumina. A two-headed thermocouple, one head of
which is imbedded in each powder, is then used to determine
the direction and extent of the differential changes as the
block is heated at a constant rate in a furnace.
During recent years, differential thermal analysis
has become a standard analytical procedure for the study of
complex mixtures of minerals when resolution is difficult by
conventional microscopic techniques or X-ray methods. It has
been especially useful in the analysis of clays and other
colloidal materials.
The use of differential thermal analyses for the
study of complex organic substances and shales has been
reported (231, 271, 305). Conventional equipment, however,
leads to the combustion of the specimen and makes it difficult
to obtain reproduceable results with certain materials (271).
For this reason a new instrument for differential thermal
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analysis has been designed to operate under vacuum or inert
atmosphere.
Previous differential thermal analytical studies
have been carried out with magnesia-packed furnaces, but the
high thermal capacity of the packing made it difficult to
attain heating rates exceeding 100 or 120 C. per minute. For
this reason, and because of the impracticability of attempt-
ing to evacuate a packed furnace, a vertical heating unit
was designed with radiation shielding rather than with
conventional packing.
The furnace (Figs. 2, 3, and 4) is constructed
with a specially-cast alundum core 9" long, 20 1. d., and
having an 1/8" wall.
Sufficient 16 gauge Chromel-A wire is wound onto
the core to make the power input approximately 2 kilowatts at
110 Volts A.C. The core is shielded by four cylinders
constructed of 0.01811 sheet nickel. On top and bottom
shielding is by four discs made of the same material. Elec-
trical connections within the furnace are made with stainless
steel lugs and 1 mm. platinum wire. For electrical insulation
ceramic fish-spine beads are strung over the leads.
All steel parts of the furnace were machined from
material obtained from the Rustless Iron and Steel Corporation,
Baltimore, Maryland. Steel type 446, containing 23.00 to
30.00% chromium and a maximum of 1% nickel, and type 309,
containing 22.00 to 26.00% chromium and 12.00 to 14.00% nickel,
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Figure 2
Furnace for Vacuum Differential
Thermal Analysis
- STAND-OFF INSULATOR
-PLATE C
- ALUNDUM INSULATOR
- PLATE D
NICKEL SHIELDS 0.018" T
- D. 3"
- D. 3.5"
- D. 5.75
-D. 6.5"
- SUPPORT RODS I/4" O.D.
SIX, EQUALLY SPACED
ALUNDUM CORE
2" I.D. 1/8" WALL
-PLATE B
ALUNDUM SPACERS
NICKEL BAFFLES 0.018"T
BEARING
-PLATE A
BEARINGS FOR
SUPPORT OF FURNACE
THREE, EQUALLY SPACED
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Figure 3
Details of Furnace Design
PLAT E A
D. 1/2" THREE HOLES
*D. 1/4" SIX HOLES
D. 1/4'"
-D. 1/4" THREE HOLES
I I41I/4"
8 I/4" A 1
I 1/4"
PLATE B
4 111 I 5 1/2"1
-- l" 21/A" V"8-
THREE HOLES
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Figure 4
Details of Furnace Design
PLATE C
1/4" SIX HOLES
1/4 THREE HOLES
PLATE D
THREE HOLES
Figure 5
Sample Block for Vacuum Differential
Thermal Analysis
67.
31 DRILL
41 ~ 1I
1/161/16-
SAMPLE BLOCK
68.
are used interchangeably depending upon availability. These
steels were chosen because of their resistance to scaling
and to sulphur at high temperatures.
The furnace is mounted on three posts, 18" long,
which are screwed into an 18" x 18" x 1/2" brass plate. A
groove 3/16" deep and of width to accomodate an inverted 12" x
24" Pyrex jar is machined into the plate. To prevent failure
of the glass jar, its flat bottom is rounded and then the
entire jar is carefully annealed. By setting the plate on
2" adjustable legs and screwing and silver soldering a brass
line into a hole through the plate, a means is afforded for
complete evacuation of jar and furnace or for replacement of
the air by an inert atmosphere such as helium. Electrical
leads to the furnace and all thermocouple leads are insulated
from the base p'ate by means of Kovar-to-glass seals
obtained from the Stupakoff Ceramics and Manufacturing
Company, Latrobe, Penn.
The block (Fig. 5) in which analysis is carried
out is machined from type 446 or type 309 steel, has a diameter
of 1 and has a length. of 3/40. Its lower end has a groove
1/32" deep to enable the block to set firmly in place on a
ceramic 1" o.d. x 12" furnace core which serves as a support
post. This post is firmly fixed onto the base plate by
means of a tightly fitting brass sleeve. The furnace bearings
are of such length that when they rest on the brass plate,
the heating block is exactly centered in the furnace.
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The heating rate of the furnace is controlled
from a Chromel-Alumel thermocouple junction placed between
the center two windings of the spiral heating element. The
output of the thermocouple is fed into a Leeds and Northrop
Micromax controller equipped with an auxiliary device which
enables variation of the heating rate of the furnace from 10
to 500 C. per minute. A heating rate of 120 C. per minute
was chosen for all comparative work. Additional control
devices make possible a constant cooling rate and "soak" of
a specimen at a predetermined temperature.
Block temperature is measured by means of a
Chromel-Alumel junction placed in the center hole of the block.
The output of the thermocouple is recorded on a Brown recorder.
The differential thermocouple is made from two
leads of a 28 gauge Chromel wire connected by a short length
of 28 gauge Alumel wire. The fine wire is used in order to
eliminate conduction of heat away from the specimen and the
short length of connecting Alumel is used for the same reason.
The output of the differential thermocouple is fed through a
resistance box into a galvanometer having a short time constant.
The position of a light beam reflected from the mirror of
the galvanometer suspension is recorded on a Beckman Photocell
Recorder (National Technical Laboratories, Pasadena, California).
For automatic operation of the installation, the
control unit, recorders, and galvanometer light are wired
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through a Type T-27 General Electric time switch which may
be adjusted to start the run and then to turn off the instal-
lation after a pre-set time interval.
Samples of 100 mgs. of material ground to pass a
200 gauge screen are used for the analysis. For maximum
effectiveness the samples are packed immediately around the
thermocouple junction. Using specially-designed tools, it is
possible to pack the material consistently into the sample
hole at 530 pounds per square inch, while at the same time
assuring horizontal and vertical centering of the thermocouple
junction.
The sensitivity of the differential recording
installation is approximately ± 0.15 millivolt. During
operation with organic materials, the bell jar is evacuated
to a pressure of less than 1 mm. of Hg and pump operation is
continued throughout the experiment.
Figs. 6*and ?*are photographs showing the general
arrangement of the installation.
To distinguish the vacuum instrument from
conventional installations, the former has been named a
thermograph and its differential records are called thermograms.
DISCUSSION OF THERMOGRAMS
Figures 8 to 20 show the thermograms obtained
from a number of substances ranging from wood and lignin to
coals and shales. The small peak at 5750 0, in each curve
Figure 6
Photographs of Thermographic Equipment
Upper photograph: Furnace in raised position
for loading of specimen.
Lower photograph: Close-up of interior of
furnace.
*Note: The apparatus illustrated and described
was constructed under joint sponsorship
of the Nova Scotia Research Foundation
and the American Petroleum Institute,
Research Project 43C, to whom acknowledge-
ment is made for its use in this research.
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Furnace in Raised Position for
Loading of Specimen
Close-Up of Interior of Furnace
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Figure 7
Photographs of Thermographic Equipment
Upper photograph: Apparatus for thermographic
(vacuum differential thermal)
analysis showing furnace,
controller, recorders,
galvanometer, time-switch,
vacuum gauge, and pump.
Lower photograph: Close-up of furnace showing
vacuum leads through base
plate.
Apparatus for Thermographic Analysis showing Furnace, Controller,
Recorders, Galvanometer, Time-Switch, Vacuum Gige and Pump.
Close-Up of Furnace Showing Vacuum
Leads Through Base Plate
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arises from the quartz which is added to the inert material
in the sample block to serve as an internal standard. Not
only does the low-to-high endothermic quartz transformation
at 575 0.- serve as a temperature standard, but the peak also
points in an exothermic direction because the material is in
the thermocouple recess opposed to that which contains the
material under study.
The temperature coordinates of all the curves
of Figs. 8 to 20 vary slightly from linearity over their
heating ranges. For this reason an average scale for the
absdissahas been adopted. The discrepancy between actual
and scale temperatures above 6000 C. in no case exceeds 150 C.
In Fig. 8 thermograms are shown for A, finely-
ground spruce wood extracted with a mixture of benzene and
alcohol; B, highly purified spruce cellulose obtained from
the Brown Company of New Hampshire; and C, Brauns' native
spruce lignin. The spruce lignin undergoes a very large
exothermic decomposition at about 4400 C., while the
cellulose decomposes endothermally at about 4000 C. The
thermal differences arising from lignin and cellulose are
unmistakably reflected in the thermogram for the spruce wood.
The low temperature peaks in the spruce wood curve at about
1500 and 2800 C. may be caused by the decomposition of
compounds such as hemicelluloses or pentosans.
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Lebeau (165) in a series of careful studies on the
gases evolved on pyrolysis of various substances, showed that
the maximum formation of gas from cellulose takes place at 4000.
At this temperature, carbon dioxide and carbon monoxide are
produced. The formation of hydrogen from cellulose is
negligible at 4000 C., but becomes large at 7000 C. Dehy-
drogenation of many of the substances shown in Figs. 8 to 20
may cause the broad exothermic reaction which occurs between .
6800 and 7100 C.
From the sharpness of the endothermic peak shown by
cellulose at 4000 C., it is probable that this material, if
present in any appreeiable quantity in organic sediments, is
detectable by the thermographic technique.
The curves of Fig. 9 are for various lignins as
follows: D Brauns' native spruce lignin (same as curve _);
E, periodate lignin; _F, Russell's synthetic lignin; and G,
lignin obtained from the Forest Products Laboratory, Madison,
Wisconsin. This material was prepared by the treatment of
wood with 72% sulphuric acid.
The most important feature of the curves of Fig. 9
is that they all have large exothermic peaks between 4000 and
4400 C. The curve for the Russell lignin is very similar to
the other thermograms indicating a relationship of fundamental
structures between the synthetic and natural material. The
periodate lignin curve has a small shoulder at about 3800 C.
which probably indicates the presence of a small amount of
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residual cellulose in the material. These records were all
obtained with 50 mg. specimens.
From Lebeau's data (165) it appears likely that the
large peak at 4000 - 4500 C. shown by all the lignins of
Fig. 9 is caused by an exothermic decomposition of the material
during which carbon dioxide and carbon monoxide are released.
As before, the peaks at about 7000 C. may be caused by
decompositions during which hydrogen is evolved.
In Fig. 10 the thermograms for five peat specimens
are shown. The maximum exothermic decompositions appear at
about 3000 C. on these curves. Shoulders close to 4000 0. on
curves I and K and on curve N of Fig. 11 may indicate the
presence of residual cellulose in these peats. Below 5000 C.,
each specimen appears to have a decomposition curve which
varies from those of the other samples. Endothermic decom-
positions of unknown origin appear in curve H at 675* C. and
in curve I at 7?50 C. Curves M and P are for specimens of
Wisconsin peat taken from the same swamp. Minor differences
between the curves may reflect variations in plant components
and sedimentation, but in general the plots below 5000 C. are
characteristic for this particular material. Curve 0 was
obtained from a small quantity of lustrous black material
which was picked by hand from the Wisconsin peat. This
material, which still retained its original woody structure,
led to a thermogram having the characteristics of neither
fusain nor vitrain (see Fig. 16). From a consideration of
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Figs. 10 and 11 and those which follow, it appears that peats
are mixtures of plant components in intermediary stages of
decomposition. The variety of partially decomposed substances
results in a number of minor peaks below 4000 C.
The thermograms of lignites, shown in Fig. 12, all
have exothermic maxima between 4000 and 4500 0. These peaks
correspond extremely well to those for lignin. In the case of
Gurve T, a shoulder at 3500 0. may indicate a small amount of
residual cellulose in the sample. The similarity between lignin
and lignite curves below 6000 C. cannot be overlooked. Lignites
do not show broad exothermic peaks at about 7000 C. as do the
lignins. On the other hand, two of the lignites do have strong
exothermic peaks at about 9000 C. as in the case of the peats
shown in Fig. 11.
The reappearance of strong exothermic peaks at about
4000 C. in the thermograms for the lignites may indicate that
plant products that probably mask this portion of the curve in
peat, have been completely degraded and removed.
The thermograms of Figs. 13 and 14 are for a number of
bituminous coals ranging from those with high volatile content,
Ourve .U., to those with low volatile content, Curve BB. In all
specimens, with the exception of BB, strong exothermic peaks
appear between 4000 and 4500 C. In Curve B, the related
exothermic peak appears to have been displaced to about 5250 C.
The exothermic peaks of Curves W, X, and AA at about 900* 0.
cannot be explained at this time.
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Thermograms for anthracite coals (Curves CC and DD
of Fig. 15) show no clear decomposition peaks below 6000 C.
On the other hand, semi-anthracite coal, Curve EE, still
exhibits a small exothermic peak at about 5000 C.
From an examination of Figs. 8 through 15 it appears
that the low temperature characteristics of the lignin thermo-
gram (below 6000 C.) disappear or are masked in peat and then
reappear strongly and unmistakably in lignite. With increasing
rank of coal, the important exothermic peak at about 4000 C.
becomes smaller and is displaced to higher temperatures. By
the time anthracite coal is formed, the devolatilization
process is complete in the coal and there is no significant
peak in the thermogram below 6000 C. There is some evidence
that small cellulose residues may be present in peat and lignite.
In Fig. 16 thermograms are shown for vitrain, FF;
durain, GG; clarain, HH; and fusain, II. Of these particular
curves, which were obtained by Mr. Charles Welby using Nova
Scotian coals, those for vitrain, clarain, and durain show
exothermic peaks at about 4750 C. If the thermograms are
representative, then the coals of the area would appear to be
of a rather high grade bituminous variety. Since fusain is
mineral charcoal, the Curve II would not be expected to show
the same characteristics as do the other curves. Low
temperature endothermic peaks on the fusain thermogram may
indicate the removal of adsorbed gases from the material. A
broad but exothermic peak of low intensity at about 5000 C.
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may indicate incomplete devolatilization or carbonization of
the fusain.
The two top curves of Fig. 17 are for a gas coal,
JJ, and a bright block coal, BK. oth specimens exhibit thermal
characteristics similar to those of bituminous coals at 4000
to 4500 C. Curve LL was obtained with a cannel coal from
Indiana and has decomposition characteristics which differ
from those of the gas and bright block coals. It is difficult
to establish whether the curve LL is truly exothermic at about
4250 If this were the case, then the thermogram might
point to the origin of the coal from mixed humic and, perhaps,
algal materials. Petrographic study of the coal could very
well clarify this point.
Curves MM and NN of Fig. 18 were obtained with
metamorphosed and weathered coals. It is apparent that the
coal material has undergone considerable change- in the process
of decomposition (see Curves KK and LL, Fig. 17). The sharp
endothermic peak at 7250 C. in Curve MM may be caused by the
presence of a mineral (carbonate?) component of the coal.
Thermogram 00 was obtained with an unclassified coal from
Oklahoma. From the position of the exothermic peak at 4250 C.,
the coal would appear to be a bituminous coal with a fairly
high volatile content.
In Fig. 19 the top Curve, PP, is for a pyriti-
ferous coal from Indiana (100 mg.) and the bottom curve is for
a small specimen of pyrite (25 mg.). The pyrite in the coal
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can easily be identified by the large endothermic peak at
about 6500 C.
In Fig. 20, Curve RR is the thermal decompo-
sition pattern for a marine shale, and Curve SS is the
record for the Green River shale. Both materials have small
exothermic peaks between 4000 and 4500 C. indicating the
presence of organic components which probably formed from
lignin. The sharp endothermic peak at about 5250 C. in
the marine shale.thermogram is distinctive and has appeared
in other shales. The Green.River shale is distinguished by
its enormous endothermic decomposition at 8000 C.
SUMMARY AND CONCLUSIONS
Vacuum differential thermal analytical apparatus
has been designed and constructed for the study of the
structural relationships existing between cellulose, lignins,
coals, and other substances. Thermographic analyses obtained
by this technique indicate a sharp exothermic peak for
lignin at about 4250 C. and a sharp endothermic peak for
cellulose at 400* C. The lignin peak can be traced through
peat, where it is thought to be masked by a large variety
of partially degraded plant components, into lignite where
it shows up strongly again. The humic acid component of
peat shows a very strong exothermic decomposition at 4350 C.
The thermogram for this material has not been included in this
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report because the large evolution of heat from humic acid
causes a severe distortion of the heating rate of the sample.
Low percentages of cellulose may be present in some peats
and lignites, but not in any coals of higher rank.
The lignin curve is visible in bituminous
coals where the 4250 C. peak is somewhat smaller and is
displaced to a slightly higher temperature. These two
effects probably result from the devolatilization of the
humic materials and from their polymerization into a more
stable structure which decomposes at a higher temperature.
Although a semi-anthracite coal shows a small exothermic
decomposition at 5250 0., two anthracite coals which were
examined had no significant decomposition peaks below 6000 C.
The curves for the anthracite coals are interpreted to
indicate that devolatilization is nearly complete at this
stage of ~Ghe coalification process.
The difference in constitution of a cannel
coal from other coals is clearly demonstrated as are the
changes in coal structure upon weathering or metamorphosis.
Figure 8
Thermograms for Wood, Cellulose, and Lignin
Curve A:
Curve B:
Curve C:
Spruce wood, 50 mg. Pretreated with
alcohol and benzene. Record No. 248.
Spruce cellulose, 50 mg. Highly purified
material obtained from the Brown Co.,
New Hampshire. Record No. 240.
Brauns' native spruce lignin, 50 mg.
Record No. 229.
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Figure 9
Thermographic Comparison of Various Lignins
Curve D: Brauns' native spruce lignin, 50 mg.
Record No. 229.
Curve E: Spruce periodate lignin, 50 mg.
Record No. 226.
Curve F: Russell's synthetic lignin, 50 mg.
Record No. 230
Curve G: Sulphuric acid lignin obtained from
the Forest Products Laboratory, Madison,
Wisconsin, 50 mg. Record No. 233.
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Figure 10
Thermograms of Peats
Curve H:
Curve I:
Curve J:
Curve K:
Curve L:
Peat from Gresshartmanndorf, 100 mg.
M.I.T. Sedimentology Collection No.
814 - 100; Record No. LT - 76.
Peat (recent) from South Boston, 100 mg.
M.I.T. Sedimentology Collection No. 814 - 34;
Record No. 258.
Bog peat (recent) from New Jersey, 50 mg.
M.I.T. Sedimentology Collection No. 814 - 34;
Record No. 254.
Peat from Boston, 50 mg. M.I.T. Sedimentology
Collection No. 314 - 26; Record No. 253.
Peat fuel from Sweden, 50 mg. Sedimentology
Collection No. S14 - 32: Record No. 265.
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Curve X:
Curve N:
Curve 0:
Curve P:
Peat from Hawk Island Swamp, Manitowoc County,
Wisconsin, 50 mg. M.I.T. Sedimentology
Collection No. 314-22; Record No. 264.
Sphagnum moss peat obtained from the U. S.
Bureau of Mines, 50 mg. Record No. 235.
Hand-picked lustrous black component of
Peat from Hawk Island Swamp, Manitowoc
County, Wisconsin, 50 mg. This sample of
peat is described in Chapter IV. Record
No. 249.
Peat from Hawk Island Swamp, Manitowoc
County, Wisconsin, 50 mg. This specimen
was collected by Reinhardt Thiessen in
1937 and was obtained from the U. S. Bureau
of Mines. Record No. 237.
Figure 11
Thermograms of Peats
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Figure 12
Thermograms of Lignites
Curve Q:
Curve R:
Curve S:
Curve T:
Lignite from Yukon, 100 mg. M.I.T. Sedimentology
Collection No. 814 - 96; Record No. LT - 84.
Lignite from Noonan Bed, Divide County, North
Dakota, 100 mg. Specimen obtained from
U. S. Bureau of Mines. Bur. of Mines. No. D -
15250; Record No. LT - 129.
Lignite (Eocene) from Flathead River Area,
British Columbia, 100 mg. M.I.T. Sedimen-
tology Collection No. 814-31; Record No. LT - 85.
Lignite (Miocene) from Queen Charlotte area,
British Columbia, 100 mg. M.I.T. Sedimentology
Collection No. 814 - 28; Record No. LT-86.
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Curve U:
Curve V:
Curve W:
Curve X:
High volatile C bituminous coal from Sweetwater
County, Wyoming, 50 mg. U. S. Bureau of Mines
No. D-15782; Record No. LT-131.
Subbituminous A coal from Moffat County,
Colorado, 100 mg. U. S. Bureau of Mines
No. D - 11551; Record No. LT - 132.
Subbituminous coal, 100 mg. M.I.T. Sedimen-
tology Collection No. S14 - 50; Record No.
LT - 107.
Subbituminous C coal from El Paso County,
Colorado, 100 mg. U. S. Bureau of Mines
No. C-89738; Record No. LT - 149.
Figure 13
Thermograms of Bituminous Coals
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Figure 14
Thermograms of Bituminous Coals
Curve Y:
Curve Z:
Curve AA:
Curve BB:
Low bituminous coal from Stanton, Mo.,
100 mg. M.I.T. Sedimentology Collection
No. S14 - 33; Record No. LT - 103.
Bituminous coal from the mines of the
Colorado Fuel and Iron Company, Colorado,
100 Mg. M.I.T. Sedimentology Collection
No. 314 - 107; Record No. LT-38.
Bituminous coal from the mines of the
Colorado Fuel and Iron Company, Colorado,
100 Mg. M.I.T. Sedimentology Collection
No. S14 - 129; Record No. LT - 82.
Low volatile bituminous coal from Somerset
County, Pennsylvania, 100 mg. U. S.
Bureau of Mines No. D-15855; Record
No. LT - 144.
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Anthracite from Scranton, Penna., 100 mg.
Record No. LT - 39.
Curve DD:
Curve EE:
Anthracite from Wales, 100 mg. M.I.T.
Sedimentology Collection No. S14 - 131;
Record No. LT - 81.
Semianthracite from Kayak District,
Alaska, 100 mg. M.I.T. Sedimentology
Collection No. Sl4 - 69; Record
No. LT - 83.
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Curve CC:
Figure 15
Thermograms of Anthracite Coals
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Vitrain isolated from coal from Sydney
area, Nova Scotia, 100 mg. Coal block
IV-6, B 19; Record No. 238.
Durain isolated from coal from Sydney
area, Nova Scotia, 50 mg. Coal block
IV-4-36; Record No. 280.
Clarain isolated from coal from Sydney
area, Nova Scotia, 50 mg. Coal block
IV-5-6; Record No. 267.
Fusain isolated from coal from Sydney
area, Nova Scotia, 100 mg. Record No. 203.
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Curve FF:
Curve GG:
Curve HH:
Curve II:
Figure 16
Thermograms of Vitrain, Durain, Clarain, and Fusain
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Figure 17
Thermograms of Unclassified Coals
Curve JJ:
Curve KK:
Gas coal from Pennsylvania, 100 mg.
M.I.T. Sedimentology Collection
No. S14-47; Record No. LT - 93.
Bright block coal from Greene County,
Indiana, 100 mg.
Curve LL:
M.I.T. Sedimentology
Collection No. Sl4 - 88; Record No. LT - 79.
Cannel coal from Greene County, Indiana,
100 mg. M.I.T. Sedimentology Collection
No. 14 - 90; Record No. LT - 80.
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Figure 18
Thermograms of Unclassified Coals
Curve MM:
Curve NN:
Curve 00:
Metamorphosed fossiliferous coal
(Carboniferous) from Portsmouth,
Rhode Island, 100 mg. M.I.T. Sedi-
mentology Collection No. S14 - 64;
Record No. LT - 92.
Weathered coal from Greene County,
Indiana, 100 mg. M.I.T. Sedimentology
Collection No. S14 - 79; Record No.
LT - 99.
Coal (Pennsylvanian) from Henryetta,
Oklahoma, 100 mg. M.I.T. Sedimentology
Collection No. S14 - 40; Record No.
LT - 100.
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Figure 19
Thermograms of Pyritized Coal and Pyrite
Curve PP: Pyritized coal from Greene County,
Indiana, 100 mg. M.I.T. Sedimentology
Collection No. S14 - 86; Record No.
LT - 90.
Pyrite, 25 mg. Record No. LT - 128.C ur ve QQ:
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Curve RR:
Curve SS:
Miocene marine nodular shale from
California (Inglewood oil field),
100 mg. Record No. LT - 44.
Green River shale from Fossil, Wyoming,
100 mg. M.I.T. Sedimentology Collection
No. S14 - 62; Record No. LT - 105.
Figure 20
Thermograms of Shales
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CHAPTER VI
HIGH PRESSURE STUDIES
INTRODUCTION AND REVIEW OF THE LITERATURE
Relatively few studies have been reported on the
effects of high pressure on organic substances. Fortunately,
the most significant work in this field has been carried out
by outstanding investigators leaving no doubt as to the
reliability of their results.
As early as 1914 Bridgman reported that egg albumin
is coagulated by the application of a pressure of 5000 to
7000 atmospheres for thirty minutes (48). It was not until
1929 that Bridgman and Conant (51) extended the original
study with a series of investigations using many types of
organic compounds. A pressure of 10,000 atmospheres exerted
over a period of 24 hours was found to have no effect on
amylene, pinacone, tertiary amyl alcohol, diacetone alcohol,
and other substances; but almost the same conditions led to
the partial polymerization of isoprene, 2, 3-dimethyl-1,
3-butadiene, styrene, and indene, Isobutyraldehyde and
n-butyraldehyde were converted to soft, waxy solids by the
action of 12,000 atmospheres for 40 hours. In this and a
later paper (50) polymerization was attributed to the presence
of peroxides in the compounds under investigation. These
are the first reported examples of irreversible chemical
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transformations caused by hydrostatic pressure.
In 1939, Raistrick and coworkers (210) found that
cyclopentadiene polymerizes in three stages under pressures
up to 5000 atmospheres and at temperatures of 00 to 400C.
It was specifically found that dimerization takes place first
and is then followed by the production of higher polymers.
Within definite pressure limits at each temperature, an
explosive disruptive reaction takes place resulting in the
formation of a carbonaceous residue and much gas (92% methane
and 81 hydrogen). An important observation by Raistrick was
that the carbonaceous residue has an X-ray structure similar
to that of low-temperature coke obtained from coal at 5500 -
6000 c.
Further polymerization studies were carried out in
1945 by Vereschlagin and cowerkers (276) who found that cyclo-
hexadiene polymerizes at 3000 to 3600 under 4000 atmospheres,
but that the polymerization is independent of pressure. The
polymers which were produced were found to be identical with
those formed thermally. The polymerization of vinylcyclohexene
is reported to be pressure-dependent at 2500 C.
It is interesting to note the results of experiments
by Johnson and Lewin (146) in which B. escherichia coli were
subjected to pressures up to 8000 pounds per square inch. These
investigators found that a pressure of 1000 pounds per square
inch retards the growth of the bacterium, while 5000 pounds
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per square inch causes disinfection or bacteriostasis. At
temperatures above the optimum for the growth of the bacteria,
a pressure of 1000 pounds per square inch has an opposite
effect and actually accelerates growth. This work may offer
a clue as to the importance of bacteria in compressed
sediments..
Much work has been reported with respect to the
effects of high pressures on proteins and enzymes (50).
The results of these experiments are difficult to interpret.
Several Bulgarian workers recently described
experiments in which they subjected coal samples to hydro-
static pressures in the range of 10,000 atmospheres (269,
270). Analysis of coke yields and of tar fractions before
and after the application of pressure indicated that a small
but significant structural change in the coal material must
have taken place as a result of the compression.
A very significant series of experiments was reported
by Bridgman in 1935 (49). In this work samples of organic and
inorganic materials were compressed to pressures up to
approximately 50,000 atmospheres and then sheared to the point
of plastic flow. Many substances such as graphite, sugar,
rosaniline, or Rochelle s4lt underwent no change as a result
of this treatment. Rubber, Neoprene, wood, paper, and linen
cloth, however, were changed to horn-like substances which
were, in some cases, translucent. When celluloid or iodoform
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was placed under a hydrostatic load of up to 50,000 atmos-
pheres, no chemical changes were observed. When sheared
under this pressure, however, both substances decomposed
explosively.
These experiments emphasize the fact that it may
be possible by shearing complex substances, under the proper
conditions, to cause the cleavage and re-formation of chemical
bonds thereby producing a new type of compound without the
use of high temperatures. This observation is extremely
important to an analysis of the factors influencing the
formation of high rank coals from humic substances under
conditions of geological folding (see Chapter I).
A series of experiments was carried out in which
periodate lignin, sulphuric acid lignin, and humic acid were
subjected to shear under high pressures. The results of
these experiments are described below.
DESCRIPTION OF EQUIPMENT
The equipment for this work was simple, consisting
only of a small bomb to hold the specimen (Fig. 21),a piston
to bear on the specimen, a yoke to bear on the piston, and a
lever arm with a 30 to 1 ratio to bear on the yoke. Suitable
lead weights were hung onto the end of the lever. For
experiments in which the piston was rotated, a small motor,
geared to produce one revolution in 48 hours, was used.
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To heat the specimen, a small furnace was constructed to fit
snugly around the bomb. Before it was used., the furnace
was calibrated to determine the voltage necessary to produce
any desired temperature up to 2500 0. in the sample recess
of the bomb. This calibration was carried out with the
equipment, including the lever arm, assembled as if for a run.
In preliminary experiments, the surface of the piston
bearing on the sample was flat. In later work, this surface
was ground to the shape of a 450 cone pointing into the
sample (Fig. 21). This construction was chosen in order to
obtain maximum shear stress in the material being compressed.
The bomb and piston were constructed from No. 309 stainless
steel.
With the rotating piston arrangment, weights totaling
more than 70 pounds on the end of the lever arm caused the
motor gears to slip. Consequently, an upper limit was set
for the pressure in these experiments using the available
equipment.
An experimental set-up with 150 pounds on the lever
arm is shown in the photograph of Fig. 22.
Figure 21
Details of 6onstruction of Bomb and
Piston for High Pressure Studies
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Figure 22
Phot ograph of Equipment for High
Pressure Studies

IBr + 2 Br2 + 3H20 --- HIO + 5H Br.
ANALYTICAL TECHNIQUES
It was considered possible to follow piezochemical
changes in the lignin molecule by the determination of the
methoxyl content before and after compression of the material.
Since the methoxyl content of coals is low (about 1%), it
seemed reasonable to expect demethylation of the lignin as
a possible effect induced by shear stresses.
The best features of several procedures which have
been suggested for the determination of methoxyl groups in
organic substances have been incorporated in the method
proposed by Clark (59). In this technique, the organic
compound is dissolved in boiling phenol and treated with 48%
hydriodic acid in order to split the methoxyl groups:
R -OCH + HI --- > R OH + CH1.
The methyl iodide which is formed is swept through
the apparatus by a slow current of carbon dioxide and is
collected in an acetic acid solution off potassium acetate
containing bromine. Under these conditions the methyl
iodide is oxidized to iodate:
CH 1 + Br2 --- * CHRBr + IBr
101.
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The iodate is determined as follows: The reaction mixture is
diluted with water, a sodium acetate buffer is added, and the
excess bromine is destroyed with formic acid. The liquid is
then acidified with sulphuric acid, potassium iodide is added,
and the liberated iodine is titrated with standard sodium
thiosulphate solution. Addition of the equations for all the
reactions of this procedure leads to the following overall
equation:
ROCH + 3 Br + 6 Na2S203 + 6 KI + 3H2O ---
ROH + CH3 Br + 5HBr + 3 Na2S406 + 6 Nal + 3 K2S04
From this equation it is easy to show that
% Methoxyl = (31) (Vol. Na2S203 ) (Norm. Na2S203 )
(60) (Sample in grams)
Many attempts were made to analyze a carefully
purified standard sample of vanillin by the procedure recom-
mended by Clark. In each instance very poor precision and
accuracy were obtained. After much experimentation a number
of improvements were made in the method for determining
methoxyl content. The revised procedure is outlined below
and a photograph of the apparatus is shown in Fig. 23.
(1) Samples of 10 to 13 mg. are weighed to 0.01
mg. on a Berman torsion microbalance. The weighing is best
103,
accomplished in a piece of cigarette paper folded into the
form of a small boat and suspended on the balance arm by
the shortest necessary length of the finest platinum wire
available.
(2) The sample and paper are very carefully
transferred into the 100-ml. flask with side-arm shown at
the bottom of Fig. 23. Approximately 2 to 3 ml. of molten
pheno.l are then added to the flask along with a small wad of
glass wool to prevent bumping. Hydriodic acid (2 ml.) of the
highest available grade is added to the flask which is
quickly connected with the air condenser, trap, and collection
tubes. The dimensions of these parts follow those recommended
by Clark. The arrangement, however, which proved to be very
satisfactory, evolved from discussions with Leavitt (163).
A Glas-Col heating element is turned on (optimum boiling at
28 volts) and the flow of sulphuric-acid washed carbon dioxide
is started immediately after the sample flask is connected to
the air condenser. (Silicone grease proved to be the best
lubricant for the stopcock and joints).
(3) To assure complete demethylation the sample
is allowed to boil for two hours, contrary to the 45-minute
period suggested by Clark.
(4) After two hours the bromine solution is
thoroughly washed from the collection tubes into a 250 ml.
1o4.
Figure 23
Apparatus for the Determination
of Methoxyl Groups
I
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flask, excess bromine is decolorized with 3 to 5 drops of
formic acid, 5 ml. of 10% sulphuric acid and a pinch of
potassium iodide crystals are added, and the iodine thus
released is titrated to a sterch end-point with standard
0. 01 N sodium thiosulphate solution. The thiosulphate
solution is standardized on alternate days against a solution
of approximately 0.6000 g. of potassium iodate in one liter
of aqueous solution.
(6) (Grams K103/liter) (Vol. KIO Sol.)
Na2 20a2 3  (214.02) (Vol. Na2S2 03 Sol.)
The procedure was at first standardized with vanillin
(20.39% OCH 3 ), but anisic acid was later chosen as a more
desirable standard (20.39% OCH 3 ). The anisic acid was re-
crystallized from alcohol and then dried at 1050 C. for
three days. In a series of twelve analyses by two operators
the methoxyl content of anisic acid was found to be 20.09 ±
0.21%. The precision of the method was + 0.2%. Carbon and
hydrogen analyses which are reported were obtained by the
conventional dry combustion technique. The analyses were
made by the Massachusetts Institute of Technology Department
of Chemistry on 5-mg. samples.
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EXPERIMENTAL
Several preliminary experiments were carried out
in which the sulphuric-acid lignin obtained from the Forest
Products Laboratory was compressed. Using a Buehler hand
pump and temperature of 1150 C., an estimated pressure
varying from 11,000 to 14,000 atmospheres caused the material
to turn black and to shatter into flaky fragments upon
removal from the bomb. In similar experiments which were
carried out at 2000 to 6000 atmospheres under more carefully
controlled conditions, the lignin was recovered in the form
of a solid cylinder, dark at the center and still retaining
the brown color of the original material around the sides.
Most studies were carried out with the piston
having a conical end. The results of the most significant
of these experiments are described below.
Experiment L 33-1: Periodate lignin was packed into the
bomb and compressed to 1655 atmospheres by hanging 49.25
pounds on the end of the lever arm. After two days at 1000 C.
(one revolution of the piston) the bomb was allowed to cool
and the pellet of lignin was removed. Maximum shearing stress
was probably applied to the lignin on that surface of the
pellet which was in contact with the rotating piston. For
this reason the pellet was carefully centered in a lathe,
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with a specially-constructed chuck, and a layer of material
0.050" thick was ground from its upper surface. Extreme
care was taken to prevent contamination of the pellet or
powder by grease. The collected powder was analyzed and was
found to have a methoxyl content of 10.30 + 0.2%. The
periodate lignin used for this experiment had a methoxyl
value of 11.09 ± 0.2%.
Experiment L 41-1: To establish the effect of temperature
on the decomposition of periodate lignin by pressure, a
sample of the lignin was compressed as in Experiment L 33-1,
but at 150* C. instead of 1000 C. After onerevolution of
the piston,the pellet was removed from the bomb and a layer
of material 0.050" thick was ground from its upper surface
for analysis. The methoxyl content of this material was
found to be 11.07 i 0.2%; the original lignin, 11.09 + 0.2%.
A powdered specimen of the residual pellet was thermographically
analyzed (Record LT-152).
Experiment L 42-1: To determine the effect of increased
pressure on the piezochemical decomposition of periodate
lignin, a sample of the material was compressed at 2280
atmospheres and 1500 C. After one revolution of the piston
(48 hours), the pellet was removed from the bomb and a sample
was ground from it on the lathe as in previous experiments.
The powder thus obtained had a methoxyl content of 10.67 +
0.2%; original lignin, 11.09 + 0.2%. The residual lignin
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pellet was struck a sharp blow and split longitudinally into
two equivalent fragments. One fragment was ground to a brown
powder which was thermographically analyzed (Record LT-153).
Experiment L 43-1: Using the conditions of experiment L 42-1
(2280 atmospheres and 1500 C.), a sample of periodate lignin
was compressed for four days (two revolutions of the piston)
to establish the effects of increased piston rotation. When
the base of the bomb was unscrewed, a small amount of material
was found to be very tightly compressed in the conically-
shaped cavity. Microscopic examination of this material showed
it to be nearly pitch black and to have a pattern of radial
shear cracks. The material in each crack was golden-brown in
color and had a resinous appearance. When an attempt was
made to force the remainder of the sample out of the upper
section of the bomb, the material shattered. The shattered
material (50 mg.) was thermographically analyzed.
The entire experiment was repeated (Experiment
L 44-1) with the same results. When the shattered fragments
of the pellet were analyzed, a methoxyl content of 10.91 + 0.2%
was found; original periodate lignin, 11.09 + 0.2%.
Experiment L 46-1: The conditions employed in experiments
L 43-1 and L 44-1 (2280 atmospheres and 1500 C.) were main-
tained, but the duration of the experiment was extended to
32 days (16 revolutions of the piston). As in the two
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previously-described experiments, a small segment of the
lignin pellet broke off and remained in the base secion of
the bomb. The cross-section of the pellet which was exposed
by the break (Fig. 24) showed a radial fracture pattern with
golden-brown resinous material following each fracture as in
other experiments. Careful microscopic examination of the
surface of the cross-section showedthe structure of the black
material to be pitted and to resemble charcoal.
A small flake of the golden..brown resinous substance
was removed from the broken pellet and was transferred to a
microscope slide. The material was heated slowly on a micro-
scope hot stage and was found to darken at about 2500 C.
At 2900 C. the materialhad become opaque, and by 3500 C. it
appeared to be completely charred. No signs of softening or
melting were observed.
The main portion of the sample pellet was removed
from the upper section of the bomb and was found to have a
methoxyl content of 11.36 + 0.2%; original periodate lignin,
11.09 + 0.2%.
Experiment L 48-1: To determine the effects of temperature
on the periodate lignin during the course of the pressure
studies, a small amount of the material was placed in a thermo-
statically-controlled oven at 1500 C. At the end of 21 days
the lignin had turned quite dark, had lost 27.5% of its original
weight, and had a methoxyl content of only 9.01 + 0.2%;
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Figure 24
Photograph of Golden-Brown Component
and Radial Fractures in Compressed Lignin.
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original lignin, 11.09 ± 0,2%. By the end of four days the
lignin had already lost approximately 10% of its weight but
still had a methoxyl content of 11.01 + 0.2% (Experiment
L 54-2).
Experiment L 53-1: A sample of peat (Hawk Island Swamp,
Manitowoc County, Wisconsin - see Fig. 11) was packed into
the bomb as before and compressed at 1500 C. and 2280
atmospheres for four days (two revolutions of the piston).
The sample pellet was removed from the bomb intact and
specimens were ground from off its upper surface on a lathe.
The first layer removed from the pellet was 0.005" thick and
had a methoxyl content of 1.32%. The second layer (0.100")
had a methoxyl content of 1.32%, and the third layer (0.050"),
1.16 + 0.02%. When the original peat was heated for five days
at 1500 C., the final material had a methoxyl content of
1.18 + 0.09%.
Experiment L 60-1: Humic acid which had been isolated from
the Wisconsin peat (Chapter IV) was packed into a bomb and
compressed at 1000 C. and 2280 atmospheres for three days (1.5
revolutions of the piston). At the end of this time the sample
pellet was removed from the bomb and a layer of humic material
0.025" thick was stripped from the top surface of the pellet.
Analysis of the powder gave the following data: C, 48.27%;
H, 4.04%; Ash, 14.03%. On an ash-free basis: C, 56.10%; H, 4.70%.
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A sample of original humic acid was heated for three
days at 1000 C. At the end of this period the material had
the following composition: C, 53.43%; H, 4.06%; Ash, 8.48%.
On an ash-free basis: 0, 58.2%; H, 4.43%. The humic acid
lost 3.5% of its weight during the period it was heated.
SUMMARY OF RESULTS
Table IV is a tabulation of the results of all the
pressure experiments that have been cited. It is interesting
that compression of the lignin at only 1655 atmospheres and
at 1000 C. for only two days has produced the largest decrease
in the methoxyl content of the material. Taking the precision
of the analytical procedure into account, these relatively
mild conditions appear to have caused a decrease of 0.4% of
the methoxyl content of the lignin. All other experiments
which were carried out at 1500 0. and 2280 atmospheres led to
no appreciable change in the methoxyl content of- the lignin
with the exception of an experiment which lasted only two days.
In this case a decrease of 0.2% in the methoxyl content of
the lignin was indicated.
When lignin was heated for 21 days at 1500 C., the
methoxyl content of the material dropped from 11.09% to 9.01%.
After 32 days at 1500 C. and under a pressure of 2280 atmos-
pheres, the lignin still had a methoxyl content of 11.36%.
This might indicate that, whereas thermal decomposition alone
Table IV
Summary of Pressure Experiments and Blanks
Material
Periodate
Periodate
Periodat e
Periodate
Periodate
Periodate
Periodate
Periodate
Wisconsin
Temp.. 0C.
lignin
lignin
lignin
lignin
lignin
lignin
lignin
lignin
peat
Wisconsin peat
Humic acid
Humic acid
100
150
150
150
150
150
150
150
Time or a
Pressure, Atmos. Revolutions
655
1655
2280
2280
2280
2280
1 Rev.
1 Rev.
1 Rev.
2 Rev.
16 Rev.
21 Days
4 Days
2 Rev.
5 Days150
100
100
2280
aOne revolution = 2 days
bTop layer, 0.005" thick
cMiddle layer, 0.100" thick
1.5 Rev.
3 Days
dLower layer, 0
eAsh-free basis
Analytical Data
11.09 + 0.2% OCH 3
10.30 + 0.2% OCR 3
11.07 + 0.2% OCH3
10.67 + 0.2% OCH3
10.91 + 0.2% OCH3
11.36 + 0.2% OCH3
9.01 + 0.2% OCH 3
11.02 + 0.2% OCH3
1.32% OCH3
1.32% 0CO
1.16 + -0.o2% OCH
1.18 + 0.09% OCH 3
56.10% C, 4.70% He
58.2% C, 4.43% He
.050" thick
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causes demethylation, heat treatment under pressure results
in other structural degradations in the lignin molecule.
This point should be checked in future studies by means of
carbon-hydrogen ratios.
Thermographic analyses of sheared products proved
to be of little value in determining structural changes in
lignin. In future studies, however, the use of micro
thermographic equipment now under construction may make it
possible to examine specimens of as little as 5 mg. taken from
the top surface of the sample pellet.
When peat was sheared under a compression of 2280
atmospheres, little or no change was observed in the methoxyl
content of the material. The most highly sheared peat may
have a slightly higher methoxyl content than the original
material. This might again indicate structural degradations
in the peat molecules.
When humic acid is heated at 1000 C. for three days
the carbon-hydrogen ratio of the final material is 13.15.
When heated to 1000 C. for three days at 2280 atmospheres,
however, the carbon-hydrogen ratio of the final material drops
to 11.95. This result is difficult to explain and the experi-
ment warrants careful repetition.
In most studies, the material being compressed under-
went continuous decrease in volume throughout the duration of
the experiment. The decrease in volume was rather rapid at first
and then quickly settled down to a gradual change. In the case
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of the humic acid, repeat experiments indicated the usual
gradual decrease in volume during the first part of the run,
By the end of the first half revolution of the piston, how-
ever, a sharp increase in the volume of the material was
noted. Following this sudden change, there was a gradual
increase in the volume of the sample. This observation may
indicate a structural decomposition of the humic material.
Further work should be carried out to determine the changes
taking place in the humic material.
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CHAPTER VII
CONCLUSIONS AND PROPOSED WORK
CONCLUSIONS
It was the stated purpose of these studies to obtain
further information regarding: (a) the relationship between
lignin and humic materials, (b) the possibility that the
basic structure of lignin occurs in the various members of
the coal series, and (c), the possible effects of high
pressure and shear on the conversion of lignin and other
materials into high grade coals.
On the basis of a critical analysis of the literature
it appears that cellulose is probably removed from sediments
by biochemical processes soon af-ter deposition of plant
fragments. Lignin, on the other hand, is resistant to
microbial decomposition, but is degraded into humic substances.
Using several structural models for the lignin molecule,
suggestions have been made for the chemical or biochemical
changes which lead to the transformation of lignin into
humic compounds. Preliminary infrared absorption studies
appear to indicate similar basic structures in lignin and
in a sample of humic acid isolated from peat.
The study of several plant components and of various
members of the coal series by vacuum differential thermal
analysis seems to indicate that the fundamental structure of
lignin occurs in lignites and bituminous coals. The large
number of possible incompletely degraded plant materials is
thought to mask the appearance of the -major thermographic
peak for lignin in peats. By the time anthracite coal is
formed, the lignin structure has probably been devolatilized
to the point where the thermographic peak for lignin can
no longer be recognized. There is no evidence from the
thermographic studies that cellulose structure is present
in any high grade coals. In some peats and lignites the
thermographic studies do indicate the possible presence of
small percentages of residual cellulose.
. Several preliminary studies have indicated that
pressures up to 2280 atmospheres, temperatures to 1500 C.,
and the application of shear stress produce only slight
changes in the chemical structure of lignin, peat, and humic
acid. Further experiments at lower, as well as higher,
temperatures and pressures appear to be warranted from an
examination of the experimental data.
An effort was made to apply the model theory developed
by M. King Hubbert (136, 137) to a solution of the
dynamochemical phase of coalification. On calculation, it
was found that a hydrostatic pressure of over 1020
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atmospheres would be required to produce coal under
laboratory conditions. This result could indicate that
hydrostatic pressure plays little or no part in the
formation of coal, or that the equations used for the
calculation are not adaptable to this type of problem.
Dr. Hubbert, who was consulted on this matter, felt that
the latter conclusion was correct and suggested that
attempts to investigate the problem from the scale-model
point of view be abandoned.
PROPOSED WORK
It is proposed that the thermographic studies
of coals be continued and amplified using specimens care-
fully selected from a number of seams on the basis of field
data. In a small section of a single seam it may be possible
to demonstrate thermally the heterogeneity or homogeneity of
a petrographically homogeneous substance such as vitrain.
If petrographic components can be recognized across lateral
distances in the same seam, then it may be possible to carry
out stratigraphic correlation studies. A particular advantage
of thermographic analysis is that, if successful, it may
supplant long and tedious microscopic studies based on thin
or polished sections.
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Studies should be carried out in which the thermal
behaviour of the macro or micro constituents of the major
petrographic subdivisions of coal are separated and thermo-
graphically analyzed. This work will require the development
of procedures for the isolation of significant components.
Thermal analyses may be made using a newly designed micro
furnace which is under construction. This phase of the work
should make it possible to establish the sources of certain
characteristic thermal peaks which occur on the thermograms.
Thermal decomposition studies of coal should be
carried out in which each characteristic peak of the thermo-
gram is correlated with the composition and quantity of the
evolved gas. This study of gases evolved on heating coals
should be based on the exact data furnished by the thermo-
graphic analyses. The results of this work will provide
information regarding the type of chemical degradation taking
place in the organic structure of the coal, and can be a
part of the fundamental evidence used to determine chemical
structure of the constituents of coal.
Infrared analysis has become one of the most power-
ful tools for the study of organic substances. This method
should now be extended to the study of coals and related
materials.
There is good evidence that coal has been formed from
lignin. Infrared studies of the following series will be of
primary importance in understanding the nature of the organic
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components in coal:
1. Lignins isolated by various procedures.
2. Humic materials. These substances can be
isolated from peat by certain procedures of extraction
reported in the literature for the separation of humic acid,
ulmic acid, hymatomelanic acid, etc. Infrared studies should
indicate the similarities and differences among these mater-
ials and help to eliminate existing confusion regarding
these substances.
3. Peats of various types.
4. Lignites.
5. Bituminous coals. Petrographic entities and
macro and micro constituents should be separately examined.
It will be necessary to develop new, and undoubtedly
novel, techniques for some of this work.
Since coals are probably aromatic in structure,
ultraviolet absorption studies should prove helpful in the
determination of structural characteristics. Emission
spectroscopy should be applied to the study of the inorganic
constituents of coals. Metallic elements such as vanadium,
nickel, or silver may provide clues to the origin of the
coal, its structure, and possible catalytic activity during
the coalification process.
Since lignin appears to be considerably altered soon
after it is deposited in sediments, the piezochemical
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studies should be repeated using peat, lignite, or humic
materials. Studies at pressures and temperatures both
below and above those already used are indicated from the
work already carried out. Thermographic analysis and
ultraviolet or infrared spectroscopy should be useful for
analysis of the products and to establish any increase in
rank during the experiments.
APPENDIX
PUNCHED-CARD BIBLIOGRAPHY
Punched-card bibliographies have been used for
some time to answer specific questions in limitedfields.
In such cases this method is an excellent aid to the
literature and to identification procedures (114, 141).
In the course of the research covered by this
thesis, it has been necessary to compile an extensive
bibliography on the origin of coal. A complete survey of
this subject requires an understanding of the following
fields:
I. Wood chemistry
A. Cellulose chemistry
1. Physical properties
2. Chemical properties
3. Analytical techniques
B. Lignin chemistry
1. Physical properties
2. Chemical properties
3. Analytical techniques
4. Isolation procedures
C. Chtemistry of wood resins and waxes, tannins,
proteins, polysacchorideB other than cellulose,
etc.
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II. Biological agents for the destruction or
alteration of wood components.
A. Fungi
1. Physical and chemical effects
B. Actinomyces
1. Physical and chemical effects
C. Bacteria
1. Aerobic
a. Physical and chemical effects
2. Anaerobic
a. Physical and chemical effects.
III. Humus, Humic Acids, Humates.
A. Origin
B. Analytical and physical chemistry
C. Isolation
IV. Coal
A. Peat
1. Origin
2. Chemical analysis and physical properties
B. Lignite
1. Origin
2. Chemical analysis and physidal properties
C. Bituminous Coal
1. Origin
2. Chemical analysis and physical properties
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D. Anthracite
1. Origin
2. Chemical analysis and physical properties
V. General Geological Data of Importance
VI. Petrography of Coal
VII. Inorganic Constituents of Coal
VIII. Colloidal Chemistry of Humus, Coal, and
IX. Associated Materials.
IX, Temperature and High Pressure Effects.
Only a casual glance at this outline is sufficient
to indicate a number of fields in which sub-classifications
overlap. For instance, analytical chemistry shows up under
cellulose, lignin, humus, peat, lignite, bituminous coal,
and anthracite. If It is once understood that analytical
chemistry covers manifold procedures ranging from electron
microscopy to dialysis, then the futility of classifying
analytical chemistry under each of the above major headings
quickly becomes evident. Not only would such aprocedure
require the use of all the holes on a card, but the dupli-
cation of recorded information would be such as to almost
degrade the punched card index to the status of a conven-
tional card file. For these reasons, only a single section
of the punched card has been used to cover the field of
analysis. Inasmuch as analysis presented a major interest
in the study of the origin of coal, a major portion of the
card was allotted to this subject (Fig. 25).
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Figure 25
Subdivision of Subject Matter and
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In using this decentralization procedure, several
points become obvious. First, it becomes necessary to
employ two passes of the needle to establish the results of
a study such as the chromatographic analysis of peat; and
second, the single grouping under analysis saves space which
in turn makes possible a more complete classification and
allows more room for future expansion in original procedures
which might be developed and incorporated into the cards
during the course of the research.
Once the break-down of subject matter has been
decided upon, the process of codification is greatly simpli-
fied. With the easily available McBee Keysort card used
in this work, the sides of the card were reserved for major
subjects and the top and bottom were used for the entry of
information pertaining to the major subjects. By employing
this system, a single pass of the needle produces a set of
cards referring to a single unambiguous topic. It is
particularly important to eliminate the extraction of un-
desired cards at this point since later operations generally
lead to the selection of a proportion of rejects as shown
below. By eliminating unwanted categories at the very
beginning, the number of unwanted cards which are isolated
at the end of a series of passes is very greatly reduced.
The code for the punched cards used in the present
work is shown in Fig. 25. Where lettering extends to the
edge of the diagram, an outside punch is indicated. Similarly,
lettering in an intermediate position represents a center
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punch, and deep lettering represents a deep punch. These
three punches are represented on the sample card of Fig. 26.
When entering information on the cards, it is of great
assistance to know or to be able to predict the relative
frequency with which the various subjects will occur. Since
center punches do not automatically separate the required
cards but necessitate manual isolation, it is especially
desirable to use center punches only for those topics which
occur infrequently. Similarly, the use of deep punches is
permissible only where the subjects so coded occur rarely.
It must be remembered that each time a card with a deep
punch is removed, those cards with margin or center punches
on the same two-hole series also are removed. Deep punches
are mainly valuable where an undesignated category is to be
indicated as illustrated in the case of the "bacteria" punch.
(Fig. 25).
As the accompanying figures show, information is
dispersed on a card and considerable space is allowed
between subjects. This room is available for later expansion
or for the introduction of new fields which may become of
interest to the research.
The use of the cards and the extraction of particular
information from them offers no problem if it is remembered
that fundamentals rather than specific ideas have been coded.
As an example, if all the cards bearing information on peat
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Figure 26
Sample Punched Card
1 7 4 2 1 7 4 2 1 7-SF 4-0 2-SF 1-0 7 4 2 1 4 2 1 7-SF 4-0 2-SF 1-0 7 4 2 1
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C. A., 21, 8213 (1927)
Cellulosechemie, 1, 15676o (1926)
Proposes isolation of lignin by cellulose-decomposing
bacteria, fungi, etc. Thermophilic bacteria offer good
possibilities. A summary of important observations with
references.
FORMI
MCBEE KEYSORT U. S. PAT. NO. 2,213,607 -KS-152
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N
-4
N
Lieser, 
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Uare removed from the file, then a second pass of the needle
can yield cards with information on peat and ultra-violet
light. Since the ultra-violet entry is under the broad
heading of analytical chemistry, it is to be expected that
all the cards will be removed which bear upon ultra-violet
light as a tool in the analysis of peat. Since this light
is a source of energy for certain reactions, however, it
should be understood that cards bearing on the effects of
ultra-violet light on peat will also be separated. This
explanation is intended to show both how an unusual entry
can be made, and how the desired cards can be removed.
Where broad interests are to be coded, maximum use must
be made of every item on a card to eliminate the necessity
for repetition under specific headings,
Taking a more difficult search for information as
an example, it is proposed that the index be used to
determine the role that anaerobic bacteria play in the
origin of humus, peat, and lignite. Since peat, lignite,
and humus are major interests in this file, it is only
natural that all cards pertaining to these subjects be
removed first. Having isolated and stacked these cards, a
new file of diminished proportions is presented for further
separations. The next major item in the request for infor-
mation centers about the word "origin". It will be noted
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in Fig. 25 that this word is the turning point of the whole
file and has been accorded the place of honor on the code.
By removing all cards dealing with "origin", the following
subjects have now been isolated:
1. Origin of peat
2. Origin of lignite
3. Origin of humus
If the reverse procedure had been used and all cards
dealing with "origin" were removed first, then an unnecesarily
large group of cards would have been separated to form a bulky
and only partially useful sub-file. In the third step of this
illustrative search, the needle is passed through the hole
reserved for anaerobic bacteria. Since this is a center punch,
it is necessary to remove the displaced cards manually.
During this pass of the needle, cards dealing with both
aerobic and anaerobic bacteria will drop out along with
references to undesignated bacteria. The series of three
passes has, therefore, isolated all references to the effects
of anaerobic bacteria on the origin of peat, lignite, and
humus along with a small number of undesired cards.
To emphasize a difficulty which may be encountered
with the use of center punches, consider a possible search for
information regarding the use of color reactions for the
determination of the structure of lignin. By successively
isolating those cards pertaining first to lignin and then to
structure, only one further step remains. When the needle is
-
U ~
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passed through the color analysis hole a number of cards drop
out and a number are displaced. The displaced cards are
unambiguous, and those which drop are concerned not only
with "color reactions", but also with "gas analysis". If
there were a deep punch designation on this two-hole series,
then a number of those cards which fell during this operation
might have no relation to the desired subject. This would
be an example of an over-extended code where a large number
of items were placed on the card at the expense of lost time
in manual separations during the isolation procedure.
It is helpful on occasion to be able to subdivide the
zotal index and to remove a particular section for further
study. Thus the "coal" punch in this index serves dual
purpose. On one hand, it offers a means of entering infor-
mation on experimental work on coal where the type of coal is
not designated. On the other hand, by punching the "coal"
code each time peat, brown coal, lignite, bituminous, or
anthracite is entered, it later becomes possible to isolate
all the cards of the index which are related to coal. In this
fashion only a limited number of cards need be handled instead
of the entire file. A similar procedure has been applied in
the case of "lignin", "cellulose", and "other wood constitu-
ents", all of which have been reentered under the general
"wood" punch.
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To conserve space in a number of instances, several
minor related subjects have been simultaneously designated
on the cards. Thus the "brown coal" entry also contains
references to cannel coal, boghead coal, Torbanites, etc.
Similarly, hydrogen, hydrogenation and dehydrogenat ion, and
oxygen and oxidation are entered under the same code desig-
nations.
The entry of highly specialized information in an in-
dex of this type can be accomplished with relatively little
difficulty. As an example, the results from differential
thermal analyses can be entered on the cards under the
following code headings:
I. Thermographic analysis
A. Vacuum
B. Inert atmosphere
II. Results
A. Exothermic reaction
1. Temperature
B. Endothermic reaction
1. Temperature
In a typical analysis two significant decompositions
take place when an organic substance is heated at 12 degrees
per minute under vacuum. The fir-st, an endothermic reaction,
reaches its peak at 2250, and the second, an exothermic
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decomposition, attains its maximum at 4450 C. To enter
this information on the card, it is necessary to designate
a vacuum thermogram by the proper deep punch, and then to
employ both edge and center punches (which add up to a
deep punch) in the adjacent two-hole series to indicate that
both exothermic and endothermic reactions have taken place.
Proper entries would next be made on the temperature scale
to indicate that reactions had taken place between 2000
and 3000, and between 4000 and 5000 C. It will be noted
that deep punches have been used in the temperature code.
In this case, there is a definite need for contraction of
space and there is no fear of loss of information through
the overlapping of data.
The thermographic analysis entries pre-sent a
difficulty since it is not possible to directly determine
from the code which temperature corresponds to the exothermic
or endothermic reaction. This is a relatively minor point,
however, since in actual use there would be no loss of infor-
mation through incomplete coding, but rather, a number of
extra and undesired cards would fall during a search for
information. Convenience is therefore sacrificed in order
to have e highly useful sub-code which will enable the
identification of unknown substances by comparing their
thermal decomposition peaks.
U ~
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